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ABSTRACT 
 
SPECTROSCOPIC PROBES OF PROTEIN STRUCTURE, DYNAMICS, 
HYDRATION AND ELECTROSTATICS 
 
Ileana M. Pazos 
Feng Gai 
 
The structure, dynamics and function of a protein are intimately controlled by a 
large number of intermolecular and intramolecular interactions. Thus, achieving a 
quantitative and molecular-level understanding of how proteins fold and function 
requires experimental techniques that can ‘sense’ and differentiate various 
molecular forces and, in many cases, in a site-specific manner. To that end, the 
focus of this thesis work is to develop non-natural amino acid-based infrared and 
fluorescence probes that can be used to assess the local hydration status and 
electrostatic environment of proteins. First, we expand the utility of a well-known 
site-specific spectroscopic probe, p-cyano-phenylalanine (PheCN), by showing that 
(1) its fluorescence is sensitive to the presence of various anions and can thus be 
used to measure the heterogeneity of the protein conformation, (2) when placed at 
the N-terminal end of a peptide this non-natural amino acid can be used as a pH 
sensor for a wide variety of applications, and (3) its nitrile stretching vibration is a 
vii 
 
microscopic reporter of how a co-solvent, such as urea and trimethylamine N-
oxide, modulates the protein-water interactions. Secondly, we demonstrate that 
the ester carbonyl stretching vibration of the non-natural amino acids, L-aspartic 
acid 4-methyl ester and L-glutamic acid 5-methyl ester, can be used to site-
specifically quantify the electrostatic environment of proteins as its vibrational 
frequency correlates linearly with the local electrostatic field. Application of this 
infrared probe to amyloids allows us to gain new insight into their structure and 
dynamics.  
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1 Introduction 
 Proteins are linear polymers made up of 20 naturally occurring amino acids whose 
side chains vary in size, charge, polarity, and hydrophobicity. For a given protein, the 
specific ordering of its constituent amino acids or sequence determines its three-
dimensional native fold conformation. However, this folded structure is not static, but 
rather undergoes various spontaneous structural fluctuations, which, in many cases, are 
necessary for proteins to execute their functions. On the other hand, changing one or 
multiple environmental conditions can amplify some of these spontaneous fluctuations, 
leading to undesirable consequences such as unfolding and aggregation. Because of the 
large number of degrees of freedom associated with even a small-sized protein, it is 
experimentally challenging to probe protein conformational dynamics, including those 
related to folding and function, with high structural and temporal resolution. This is 
because protein conformational motions can occur both locally and globally and also on a 
wide range of timescales. In other words, multiple techniques and probes are necessary to 
provide complementary information for a more complete description of the underlying 
conformational energy landscape and dynamics of the protein system in question. 
Furthermore, studies concerning the structure-function relationship of proteins require 
knowledge of various structural and environmental factors as well as their changes at a 
specific region, such as the electrostatic field at the substrate binding site of an enzyme. 
Thus, there is still a great need for spectroscopic probes that can provide site-specific 
structural and/or environmental information in protein conformational studies.  
2 
 
 In this regard, the research described in this thesis focuses on expanding the 
application of an existing site-specific probe, p-cyanophenylalanine, and demonstrating 
the utility of the ester carbonyl stretching vibration as an infrared (IR) probe of protein 
local electrostatics and hydration status. To provide background information that is 
relevant to studies described in this thesis, the upcoming sections are organized as 
follows: 1) a concise review of the necessary concepts, 2) non-natural amino acid-based 
site-specific vibrational and fluorescent probes, 3) a brief introduction to some of the 
spectroscopic techniques, and 4) the thesis outline. 
 
1.1 Hydrogen bonding 
 A distinct and important physical property of water molecules is their ability and 
tendency to form hydrogen bonds (H-bonds) among themselves and with other H-
bonding acceptors and donors.
1-4
 Water and their corresponding H-bonds are believed to 
play a crucial role in the folding and function of biological molecules and assemblies. 
However, it is very difficult to directly assess the properties of these H-bonds because 
they are inherently heterogeneous and are made and broken on extremely fast timescales. 
In a complex system, when water interacts with biologically relevant cosolvents, such as 
urea or TMAO, the intermolecular H-bonding between water molecules is perturbed. In 
fact, the hydration of a protein, especially in the first hydration shell, is a key determinant 
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of the three-dimensional structure of the protein. Therefore, understanding H-bonding 
dynamics in biological systems is an important undertaking. 
 
1.2 Cosolvents 
 Nature utilizes a wide variety of small molecules, such as salts, amino acids, 
sugars, methylamines and urea, as osmolytes to maintain cell volume and to protect the 
cell components against denaturing stresses.
5-8
 These molecules have the capability to 
promote or disrupt specific macromolecular interactions. Because this has vast 
pharmaceutical potential which includes dissolving and re-folding insoluble recombinant 
proteins that can extend their shelf life, there is a great interest in understanding what 
drives and controls these interactions at the molecular-level. Two common osmolytes, 
urea and guanidine hydrochloride (GdnHCl), are protein denaturants that can cause a 
protein to unfold. On the other hand, trimethylamine N-oxide (TMAO) is able to enhance 
protein stability and counteract the denaturing effect of urea.
9-10
 While there is a large 
body of research
11-38
 on how such stabilizing and destabilizing effects might take place, a 
coherent view of the underlying mechanism of action at the molecular level has not been 
reached.  
 The mechanism of action of osmolytes has been explained by two different 
mechanisms: the “indirect” and “direct” mechanisms. For example, the indirect 
mechanism involves the disruption of the hydrogen bonding network of water. For a 
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denaturant, this is thought to weaken the hydrophobic interactions of the protein, in turn 
making the protein less compact and more easily solvated by water molecules.
39-42
 
However, it is under debate whether this indirect mechanism would affect the structure 
and dynamics of water enough to significantly reduce the strength of stabilizing 
interactions within proteins.
43-44
 As such, many previous studies have focused on 
investigating whether a given osmolyte or cosolvent can affect the H-bond network of 
water molecules.
45-48
 While such studies have provided significant insights into our 
understanding of how a given cosolvent interacts with and changes the H-bonding 
network of water, they have offered little, if any, direct information on how the cosolvent 
of interest mediates the strength of the H-bonds formed between water and the protein in 
solution. On the other hand, the direct mechanism suggests that urea unfolds proteins 
through interactions between the osmolyte and the protein backbone or sidechains. 
Specifically, the stronger H-bonds between the urea carbonyl and the backbone amides 
would be preferred over intra-backbone H-bonds of the folded protein. 
 In contrast, TMAO has a protecting or counteracting role to preserve the folded 
conformation of a protein. It has been suggested that the interaction between TMAO and 
the backbone are entropically unfavorable, resulting in a preferential depletion of TMAO 
from protein surfaces. This can in turn result in an increase of hydration of the surface of 
the protein.
49-54
 While this view is consistent with a protecting osmolyte, it is difficult to 
experimentally examine the effect of TMAO on hydration dynamics of a protein.  
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 Therefore, to gain a comprehensive understanding of the mechanism of action of 
TMAO or urea, an ideal experiment would report on the effect of a cosolvent on the H-
bonding ability of water, near the protein surface. This could be achieved by monitoring 
the spectral diffusion of the vibrational transition of a IR probe, located either on a 
sidechain or the backbone of a protein, during the same timescale of H-bond forming and 
breaking. One of the methods to measure the dynamics of such spectral diffusion is two-
dimensional (2D) IR spectroscopy. This experiment is capable of measuring the 
vibrational frequency-frequency correlation function (FFCF), which is a connection to 
the microscopic molecular dynamics of the system. The FFCF function is denoted by C1: 
 
i
ii
t
T
t
tC )/exp(Δ
)(
)0()()( 2
2
0,110,11


     Equation 1.1 
where T2 is the pure-dephasing time, Δi is the frequency fluctuation amplitude and the τi 
is the correlation time of the ith component. Essentially, spectral diffusion is a measure of 
how quickly the system loses its memory and goes from an elongated shape to a circular 
shape. This spectral lineshape of the 2D IR spectrum can report important parameters of 
dynamics because the change of the spectral diffusion is related to the microscopic 
molecular dynamics. To quantify the change, one can analyze the nodal line slope, the 
photon echo peak shift or the center line slope (CLS) of the spectra.
55-56
 The CLS is 
determined by taking the inverse of the maximum of slices that are parallel to pump 
frequency axis of the 2D IR spectrum. Fayer and coworkers showed analytically that the 
CLS, as a function of waiting time, is related to the FFCF.
57
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1.3 Crowding 
Intercellular environments are congested due to a high concentration of 
macromolecules ranging between 80 – 400 g/L.
58
 This high degree of crowding could 
cause a large difference between the thermodynamic or kinetic behaviors of, for example, 
a protein, obtained in vitro and in vivo measurements.
59
 Quantitative reproduction of a 
cellular environment is difficult because in vivo conditions include heterogeneous and 
non-spherical particles. Thus, in vitro studies of the macromolecular crowding effect on 
biomolecules often use high concentrations of relatively inert spherical crowding agents, 
such as Ficoll and Dextran.
60
 The macromolecular crowding effect is an entropic effect, 
which arises from the excluded volume of the crowding agents. Regardless of other 
attractive or repulsive interactions that might be present, the excluded volume is a 
nonspecific steric repulsion that is always present and depends on the size and 
concentration of the crowding agent. The volume accesible to a larger particle can be 
very restricted, which results in a relative reduction of configurational entropy of the 
biopolymer in question. Also, the volume available to the solvent is reduced which 
increases the effective concentration of the solute and results in an increase in its 
chemical activity. Consequently, for example, crowding can alter the rate and equilibrium 
constant of biochemical reactions.
61
  
As suggested by a recent molecular dynamics simulation, much like 
macromolecular crowding, the driving force of the protecting mechanism of TMAO is 
entropic stabilization.
62
 Specifically, TMAO is capable of forming H-bonds to the 
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solvent-exposed backbone nitrogen atoms of a protein. However those H-bonds compete 
with intramolecular H-bonds that are responsible for the secondary structure of the 
peptide. An increase in these intramolecular H-bonds would result in a reduction of the 
number of H-bonds between TMAO and the backbone producing a depletion of TMAO 
from the vicinity of the surface of the protein. An increase in intramolecular H-bonding 
results in a compaction of protein conformations. 
33
 In other words, TMAO limits the 
degrees of freedom of the unfolded state of the protein and thus entropically destabilizes 
it. Because this is similar to the crowding effect where the unfolded state of a protein is 
destabilized due to geometric restrictions,
63
 Thirumalai and coworkers termed the 
depletion-induced protein structure formation of TMAO as nano-crowding.
62
 
 
1.4 Electric fields and the Vibrational Stark Effect 
 Electric fields play an important role in protein function. Similar to H-bonding, 
the electric field produced by the environment modifies the electron density distribution 
of a given molecule. These fields are spatially non-uniform because they are determined 
by the immediate environment. This local environment consists of non-covalent 
interactions with solvent molecules, and charged, polar and polarizable cosolvents or 
nearby sidechains. It is important to understand the electrostatics of protein since it plays 
a central role in their structure and dynamics. For example, there can be dramatic changes 
of electric field during an enzymatic reaction, which are thought to have critical 
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contributions to the catalytic rate.
64-66
 While it is possible for the electric field to be 
theoretically calculated, experimental measurements are scarce because of the lack of 
appropriate probes that report on electrostatic fields in a site-specific manner. 
 Other existing experimental approaches to measure electric field include 
measuring shifts in redox potential,
67
 NMR chemical shifts,
68-72 
and pKa shifts of 
ionizable residues.
73-75
 Some of the most promising experimental approaches have 
involved IR probes because they can be site-specific and sensitive to electric fields in 
biological macromolecules.
76-77
 However, the vibrational frequency shifts of many IR 
probes do not have a simple relationship to the electric field amplitude exerted by the 
surrounding molecules. To understand the solvent-induced vibrational frequency shifts, 
the probe can be dissolved in solvents of varying polarities, and a correlation between the 
electric field and frequency shifts is determined. Alternatively, the relationship can also 
be measured by applying a static electric field to an isotropic and immobilized sample.
78-
79
 This phenomenon can be described with linear Stark effect theory:  
                                                Equation 1.2 
where the vibrational frequency shift (           ) induced by the electric field is related 
to the electric field vector (              ) by the vibrational Stark tuning rate 
(              ).
79
 The Stark tuning rate is a measure of the sensitivity of the vibrational 
frequency to an external electric field, with a more sensitive probe having a larger tuning 
rate.
80
 Classically, the Stark effect is expected to cause a small peak shift in the 
absorbance spectrum but no change in line shape. However, the center frequency of a 
9 
 
transition does not necessarily have a linear relationship with electric field. There is also 
a quadratic force constant of the normal mode that can be affected by an electric field 
which arises from the difference polarizability of the transition.  
 The nitrile moiety has proven to be a very convenient IR probe due to the fact that 
its vibrational frequency is located in an uncongested region of the infrared spectra and it 
can easily be incorporated into proteins.
81-82
 However, the Stark effect for the nitrile 
group does not appear to be straight forward. Specifically, the frequency shift of the 
nitrile is believed to report either a H-bonding component
83
 or on a more complex 
electrostatic sensitivity beyond the first order electric field term.
84
 Thus, given the proven 
importance of electric field in various biological processes, it would be quite 
advantageous to find a localized and simple vibrational transition whose frequency 
exhibits a linear dependence on the electric field exerted by its surrounding environment. 
For example, the stretching mode frequencies of CO and CF are approximately 
proportional to the solvent electric field projected onto the bond axes, thus have been 
suggested to be able to serve this role.
85
  
 
1.5 Experimental Methods 
 Computers have theoretically simulated biological systems that are composed of 
thousands to millions of individual atoms, where each frame of the trajectory contains the 
precise location of every atom. These simulations range from timescales smaller than a 
10 
 
chemical bond vibration (10
−15
 s) to the timescales of protein folding (10
−3
 s).
86-87
 
Molecular dynamics (MD) simulations are capable of this level of spatiotemporal 
resolution. However experimentally, there are trade-offs between spatial and temporal 
resolution. X-ray crystallography and nuclear magnetic resonance (NMR) are two 
methods that can be applied to the study of three-dimensional molecular structures of 
proteins at atomic resolution.
88
 X-ray crystallography has the unparalleled ability to 
provide structural information of proteins at atomistic resolution of large proteins that are 
capable of forming ordered crystals. However this method requires protein crystallization 
which is a difficult task and only represents a static picture of the protein with no 
dynamical information. Protein structure determination by solution NMR spectroscopy 
relies on the isotopic enrichment of 
13
C and 
15
N to alleviate resonance overlap and to 
allow multiple distance and angular measurements. Additionally, dynamics from 
hydrogen-deuterium exchange experiments reflect the solvent accessibility of the protein 
surface and reveals information about regions that are buried or involved in hydrogen 
bonding.
89
  
1.5.1 Fluorescence Spectroscopy  
 Absorption of a photon takes place on the femtosecond scale and fluorescence 
occurs in the range of 1‒100 nanoseconds (10
-9
‒10
-7
 s).
90
 There are three amino acids 
with intrinsic fluorescence properties, phenylalanine (Phe), tyrosine (Tyr) and tryptophan 
(Trp) but only Tyr and Trp are used experimentally because their quantum yields are 
larger. Those residues can be used to follow protein folding because their quantum yields 
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are sensitive to their environment which changes when protein folds/unfolds. The 
intrinsic or extrinsic fluorophores can report on local environment or provide structural 
information such as distances through fluorescence resonance energy transfer (FRET) 
approaches. In a hydrophobic environment, Tyr and Trp have a high quantum yield but in 
a hydrophilic environment their quantum yield is decreased leading to lowered 
fluorescence intensity. For Trp, there is also a strong Stokes shift that is dependent on the 
solvent, meaning that the maximum emission wavelength of Trp will be at a larger 
wavelength in more polar environments. Moreover, various extrinsic fluorescent dyes 
have been used to report on protein conformational changes.
91-93
 These extrinsic dyes can 
be covalently attached to a protein and often have larger quantum yields. On the other 
hand, they are often larger aromatic molecules that can be large and a bulky substitution 
for an amino acid which can in turn affect the native conformation of the protein.  
 Fluorescence spectroscopy can be used to explore the kinetics of a photophysical 
intermolecular deactivation process, using the Stern–Volmer relationship. In the past, 
quenching of protein fluorescence by either iodide, molecular oxygen or acrylamide were 
popular due to the ease of the experiments and the value of the structural information 
obtained.
94-98
 For tryptophan, the experiment reports on the accessibility of the indole 
ring in the system of interest to the quencher. The Stern-Volmer equation relates the 
decrease in fluorescence in the absence or presence of a collisional quencher. The 
quenching can be measured as a decrease in either the fluorescence intensity or the 
fluorescence lifetime. 
12 
 
1.5.2 Infrared Spectroscopy  
 Infrared spectroscopy (IR) is one of the oldest and well-established experimental 
techniques for the analysis of secondary structure of polypeptides that began with the 
pioneering work of Elliot and Ambrose in the early 1950s.
99
 It is convenient, non-
destructive and can be used under a wide variety of conditions.
100
 This powerful 
technique can probe the fundamental vibrations of molecules (200-4000 cm
-1
). 
Polypeptides and proteins exhibit nine amide bands that represent delocalized vibrations 
of the peptide backbone. N-methylacetamide (NMA) has been used as a model to 
compute vibrational force field since it is the smallest molecule that contains a trans-
peptide group.
101,102
 It has therefore become the starting point for a normal mode analysis 
of polypeptide backbone vibrations to obtain a force field for the peptide group.   
Infrared analysis of secondary structure typically makes use of the amide I 
vibrational mode (1600‒1700 cm-1) which arises mainly from the C=O stretching 
vibration. The location and direction of the transition dipole vector whose center is 
located close to the oxygen and close to the C O bond is also shown. It points away 
from the C O bond towards the C—N bond by 20˚. The localization of the amide I mode 
to the C O stretch makes analysis of this vibrational band practical and much less 
complicated than the other amide modes. In addition to the amide I, other backbone 
modes include NH stretching vibrations termed the amide A and B (at ~3300 and ~3170 
cm
-1
) and the amide II (~1550cm
-1
), which arises from the out-of-phase combination of 
the NH in-plane bend, the CN stretching vibration, and smaller contributions from CO in-
13 
 
plane bend and CC and NC stretching vibrations. The backbone modes also include the 
amide III (1200-1400 cm
-1
) and the skeletal stretch (880-1200 cm
-1
).
102,103
 
 Some of the major advantages of IR is that the amide I is sensitive to secondary 
structure as a result of transition dipole coupling (TDC) among the backbone units and 
the absorption frequency also displays sensitivity to H-bonding and through bond 
coupling. In fact, IR spectroscopy is one of the few methods that can directly report on 
the strength of H-bonds. TDC is a resonance interaction between oscillating dipoles 
which depends on the relative orientations and separation distance of the dipoles. TDC is 
the fundamental mechanism that is responsible for the sensitivity of the amide I vibration 
to secondary structure. For this reason, IR spectroscopy can be particularly useful in the 
study of proteins because the vibrations can report on structure or environment.
103
 This is 
because ultrafast IR techniques can measure dynamics on extremely short time scales, 
femtoseconds (10
-15
 seconds) to nanoseconds (10
-9
 seconds). However, the interpretation 
can be complicated since all the molecular vibrations from the solvent and protein will 
contribute to the IR spectrum. Therefore it can be difficult to directly observe specific 
region of the protein unless you introduce a functional group that does not already exist 
in the protein (nitrile, azide group, etc.). 
 While the backbone can provide global information about the protein 
conformation, isotopic labeling allows us to single out an individual residue for kinetic or 
structural information. Labeling the backbone with heavier isotopes changes the specific 
mass of an atom results in a vibrational shift (20-50 cm
-1
) to lower wavenumbers, also, 
14 
 
this effectively uncouples that specific oscillator from the ensemble in the polypeptide 
system. Therefore, a common strategy is to isotopically label the backbone of a protein 
with 
13
C or/and 
18
O and monitor the amide I mode. IR is also sensitive to some chemical 
changes, such as the protonation or deprotonation of side chains. This is an important 
example as it is often essential for protein function. 
 
1.6 Site-specific spectroscopic probes 
 It is difficult or even impossible to rely on the intrinsic vibrational absorbances or 
fluorescent emissions of a protein to report information of local environment. Optical 
spectroscopy in conjunction with extrinsic site-specific probes, such as non-natural amino 
acids, can report changes in a protein environment that are otherwise difficult to attain 
experimentally. However, there are several criteria for an IR probe to be useful as a 
reporter of the local environment. The probe should be sensitive to changes in local 
environment and contain a simple vibrational transition that is decoupled from the rest of 
the molecule. Also, the absorption band should have a relatively intense and narrow 
absorption (high extinction coefficient) in an uncongested region of the IR spectrum. 
Furthermore, the probe should be stable, un-reactive, and easy to incorporate into a 
protein using either in vitro or in vivo methods.
104-113
 Additionally, it should be relatively 
small in size so that it is minimally perturbing to an amino acid side-chain. 
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 Spectroscopy can be used to monitor specific events during protein folding such 
as structure, conformational transitions, local hydration states, electrostatic field changes, 
and binding interactions. However, this is a difficult task since the conformational free 
energy landscape of a protein depends on a large number of degrees of freedom. 
Therefore, the chosen optical probe should be sensitive to local environmental changes, 
such as a transition from mostly polar to a mostly hydrophobic environment.
114-123
 
However, side chain substitutions, with moieties such as C≡N, are relatively small and 
can be used as IR probes. The past few years have seen a rapid increase in the 
employment of various side chain–based IR probes to study a wide variety of biological 
questions, ranging from protein folding to enzymatic reactions. For easy comparison, 
basic spectroscopic properties of these probes are summarized in Table 1. 
 Specifically, p-cyanophenylalanine (PheCN) in Figure 1.1 is a nitrile-containing 
non-natural amino acid and is an ideal fluorescent probe of protein folding and 
binding.
124-130
 PheCN is sensitive to its immediate environment exemplified by the large 
fluorescence quantum yield in water and the smaller quantum yield in acetonitrile. For 
example, Tang et al. have investigated the binding/insertion/dimerization kinetics of a 
transmembrane peptide using the PheCN as a fluorescent reporter.
131
 Furthermore, PheCN 
is useful as an IR conformational probe because the nitrile stretching frequency is 
sensitive to changes in environment such as dehydration and membrane interactions.
132-
142
 For example, Tucker et al. demonstrated that the nitrile stretching band of a series of 
PheCN labeled membrane-binding peptides report on the location and structure of the 
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membrane-bound helical peptides.
143
 Additionally, Webb and coworkers employed PheCN 
as a local electric field probe providing an estimate of the electric field of a bilayer by 
inserting a PheCN-labeled transmembrane helix into bicelle model membranes.
144
  
 The nitrile functional group is a good candidate for a conformational probe not 
only because it is small with intermediate polarity, thereby making it a minimally 
perturbing, but also because it is sensitive to local environment. This nitrile-derivatized 
amino acid increases the fluorescence quantum efficiency of Phe by 5 times making it a 
good fluorescent probe. Despite the fact that the C≡N stretching vibration has become a 
valuable probe in a wide range of biological applications,
81,83,145-165
 it cannot easily be 
used to quantify the local electrostatic field of proteins in both H-bonding and non-H-
bonding environments. This is due to the dependence of the C≡N stretching frequency on 
the angle and position of the H-bond.
166
 Specifically, when the H-bond angle between the 
water OH and the solute CN is linear, the nitrile stretch frequency is blue-shifted. On the 
other hand, at other angles, a H-bond can form between water and the π-orbial of the 
nitrile thereby decreasing the bond strength and inducing a frequency red-shift. This is in 
contrast to the simple relationship exhibited between H-bonding and vibrational 
frequency found for the C═O stretch present in an amide, ester, and ketone. Because H-
bonding is a ubiquitous electrostatic interaction in biological molecules, a simple reporter 
of the electrostatic field is an important advantage in the investigation of molecular 
association and enzymatic reactions.
66,82,167-168
 The ability to quantitatively assess the 
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local electrostatic field and how it changes inside a protein will find great use in the study 
of protein function and dynamics.  
A promising candidate to measure the local electrostatic field in biological 
molecules is a non-natural amino acid that contains a single carbonyl group (C═O) in its 
sidechain. A computational study from Cho et al. has predicted that the stretching mode 
of the C═O of acetone is localized and has a frequency that varies linearly with the 
electrostatic field for both H-bonding and non-H-bonding environments.
85
 Boxer and 
coworkers
169
 have recently shown that the C═O stretching frequency of p-acetyl-L-
phenylalanine (p-Ac-Phe) can serve as a reporter for the local electrostatic field of 
proteins. However, this vibrational transition overlaps with the protein amide I band, so 
its application requires careful background subtraction using the wild-type protein. To 
circumvent this inconvenience, the C═O stretching vibration of an ester moiety can be 
used as an alternative. Previous studies
170-171
 have shown that an ester carbonyl absorbs in 
a spectral region (1700-1800 cm
−1
) where no protein IR bands are present at neutral pH
103
 
except those arising from protonated carboxylic groups.
172
 As discussed later, the C═O 
stretching vibrations of ester functional groups correlate linearly with the local 
electrostatic field for both H-bonding and non-H-bonding solvents. This indicates that the 
ester-derivatized amino acids, in Figure 1.1, are promising candidates to measure the 
local electrostatic field in biological molecules. 
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1.7 Thesis Outline 
 The motivation of this Thesis work has been to develop new experimental tools to 
understand biological events of interest, such as proteins folding. As outlined below, this 
work applies multiple non-natural amino acids as probes to site-specifically interrogate 
the structure or environment of proteins using a variety of experimental methods 
including IR, fluorescence and two-dimensional IR (2D-IR) spectroscopies.  
 In the effort to expand the utility of PheCN as a fluorescent marker, Chapter 2 
reports the Stern-Volmer quenching constants of a series of commonly encountered 
anions. Also, the conformational heterogeneity of a mini-protein is shown using this 
method.
173
 Additionally in Chapter 3, PheCN was shown to conveniently serve as a pH 
sensor near the N-terminus of a peptide and it was used to directly measure the kinetics of 
a cell-penetrating peptide. In Chapter 4, urea, GdnHCl and TMAO are all shown to 
decrease the strength of the H-bonds formed between water and a nitrile derivatized non-
natural amino acid PheCN, despite having different effects on protein stability.
174
 The 
protein stabilizing mechanisms of TMAO using 2D-IR was further explored in Chapter 
5.
175
 In Chapter 6, ester-derivatized non-natural amino acids are introduced as a 
promising and versatile local electrostatic IR probe.
176
 The first biological application of 
the ester probe to study the electric field and confined water within amyloid fibrils is 
described in Chapter 7. Finally, in Chapter 8 the summary and perspective of each of 
these projects are highlighted.  
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Figure 1.1 Model nitrile- and ester-containing non-natural amino acids. 
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Table 1 Overview of site-specific infrared probes, modified from Ma et al.
142
 
 Name 
Frequency 
range 
(cm
1
) 
Extinction in 
H2O 
(M
1
cm
1
) 
Reference 
Nitriles p-cyano-phenylalanine 2,220‒2,250 ~220 177 
Cyano-cysteine 2,150‒2,180 ~120a (148) 
5-cyano-tryptophan 2,210‒2,240 ~160b 178 
Cyanate 2,220‒2,300 ~800c (107) 
Azides Azidohomoalanine 2,100‒2,140 350‒400d 179 
p-azido-phenylalanine 2,100‒2,140 ~610 (115) 
3-picolyl azide adenine 
dinucleotide 
2,080‒2,160 ~2,000 (149) 
Carbonyls Ketone carbonyl 1,660‒1,700 ~1,800e (126) 
Ester carbonyl 1,690‒1,770 ~290 (127) 
Carboxylic acid 1,700‒1,775 ~280 (138) 
Carboxylate  1,555‒1,600 ~820 (150) 
Metal 
carbonyls 
CpRe(CO)3 2,010‒2,030 ~4,100 (146) 
CORM-2 2,040‒2,100 NA (143, 144) 
Others Carbon deuterium 2,100‒2,400 5‒10 (151) 
Cysteine thiol 2,550‒2,600 5‒150 (139) 
Phosphate 1,200‒1,300 ~500 (140) 
Fluorocarbon 1,200 ~700
e
 (141) 
Solvent conditions other than H2O are indicated: 
a
50/50 (v/v) glycerol/water, 
b
60/40 (v/v) 
water/THF, 
c
THF, 
d
D2O, and 
e
2-MeTHF. Abbreviation: NA, not applicable. 
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2 Quenching of p-Cyanophenylalanine Fluorescence by Various Anions 
2.1 Abstract 
 To expand the spectroscopic utility of the non-natural amino acid-
cyanophenylalanine (PheCN), we examine the quenching efficiencies of a series of 
commonly encountered anions toward its fluorescence. We find that iodide exhibits an 
unusually large Stern-Volmer quenching constant, making it a convenient choice in 
PheCN fluorescence quenching studies. Indeed, using the villin headpiece subdomain as a 
testbed we demonstrate that iodide quenching of PheCNfluorescence offers a convenient 
means to reveal protein conformational heterogeneity. Furthermore, we show that the 
amino group of PheCNstrongly quenches its fluorescence, suggesting that PheCNcould be 
used as a local pH sensor. 
 
2.2 Introduction 
 Because of its distinctive spectroscopic characteristics, relatively small size, and 
ease of incorporation, the non-natural amino acid, p-cyanophenylalanine (PheCN), has 
recently emerged as a useful spectroscopic probe of protein structure, dynamics and 
electrostatics.
138,177,180-181
 In particular, several photophysical properties of PheCN make it 
an attractive fluorescence reporter of many biological processes, such as protein 
folding,
182
 binding,
131,155,183-185
 and aggregation.
186-187
 This is because (1) the fluorescence 
quantum yield of PheCN is sensitive to its environment
182,184
, such as the degree of 
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hydration, (2) the fluorescence lifetime of PheCN correlates linearly with the hydrogen 
bonding ability of many protic solvents
188
, making it possible to use it to quantitatively 
determine local hydrogen bonding strength, (3) PheCN fluorescence can be selectively 
excited even in the presence of other naturally occurring aromatic amino acids,
184
 such as 
tyrosine (Tyr) and tryptophan (Trp), and (4) PheCN can be used as a fluorescence 
resonance energy transfer (FRET) donor to Trp and other natural or non-natural amino 
acid fluorophores,
126,178,189-192
 further demonstrating its versatility as a fluorescence 
reporter. In principle, the application of PheCN fluorescence can be further extended to 
structural and dynamic studies by exploiting the mechanism of dynamic quenching by, 
for example, a halide ion. To facilitate this potential application and to identify 
practically useful anionic quenchers, herein we determine the quenching efficiencies of a 
series of sodium salts on the fluorescence of PheCN, either as a free amino acid or in a 
peptide environment. In addition, we demonstrate, using the villin headpiece subdomain 
(HP35) as a model, how quenching of PheCN fluorescence can be used to scrutinize the 
conformation heterogeneity of proteins, even under native conditions. 
 The technique of fluorescence quenching has long been used in protein structural 
studies.
193
 For example, quenching of Trp fluorescence
194-195
 by either iodide or 
acrylamide
196
 has been widely employed to reveal the relative accessibility of the indole 
ring in the system of interest, thus providing useful structural information. While we fully 
anticipate that PheCN can be used in similar applications, we emphasize that the current 
study is not aimed to show that PheCN can replace Trp, but rather to demonstrate another 
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potential utility of this versatile spectroscopic probe. Because for amino acid 
fluorophores, such as Trp and Tyr, quenching of fluorescence by many anions typically 
occurs through the mechanism of dynamic quenching,
193
 without involving static 
complex formation, we expect that those quenchers that have been shown to be effective 
in decreasing the fluorescence quantum yields of Trp and Tyr would also be effective for 
PheCN fluorescence. Thus, in the current study we have chosen the following quenchers: 
NaCl, NaBr, and NaI. In addition, to determine the effect of commonly used salts in 
biological studies on the fluorescence quantum yield of PheCN, we have also included 
NaH2PO4, Na2CO3, NaHCO3, NaSCN and Na2S2O3. Our results indicate that among 
these anions, iodide exhibits the largest Stern-Volmer quenching constant, making it a 
convenient dynamic quencher of PheCN fluorescence in protein conformational studies. 
Indeed, using iodide quenching of PheCN fluorescence we are able to show, in agreement 
with previous studies,
128,136
 that HP35 samples at least two conformations in its folded 
basin. 
 
2.3 Experimental 
2.3.1  Sample preparation 
 p-Cyanophenylalanine was purchased from Bachem Americas (Torrance, CA). 
The sodium salts were purchased from either Fisher Scientific or Acros Organics. They 
were the highest grade available and thus used without further purification. All solution 
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samples were prepared by directly dissolving an appropriate amount of the targeted solute 
in Millipore water of appropriate volume. Protein synthesis was achieved on a PS3 
automated peptide synthesizer (Protein Technologies, MA) using standard Fmoc 
protocols. 
2.3.2  Spectroscopic measurements 
 The absorption spectra were collected on a Perkin Elmer Lambda 25 UV/Vis 
spectrometer at room temperature. The fluorescence spectra were collected on a Jobin 
Yvon Horiba Fluorolog 3.10 spectrofluorometer using a 1 cm quartz cuvette at 25 °C, 
with a spectral resolution of 1 nm and an integration time of 1 s/nm. The excitation 
wavelength was 275 nm. For the free PheCN quenching experiments, the concentration of 
the fluorophore was maintained at a constant value of 165 μM, whereas for other 
quenching experiments the peptide and protein concentrations were in the range of 10 – 
20 μM. In addition, the Raman band of water has been subtracted from the raw 
fluorescence spectra and, whenever necessary, the inner-filter effect was considered and 
corresponding corrections were made. 
2.3.3  Data analysis 
 Unless otherwise specified, all fluorescence quenching data were fit to the 
standard Stern-Volmer equation,
197
 
25 
 
[Q]
SV
0 ])Q[1( VeK
F
F
        Equation 2.1 
where F and F0 represent the fluorescence intensities of PheCN obtained with and without 
the presence of the quencher Q, respectively, and [Q] is the molar concentration of the 
quencher. In addition, KSV is the Stern-Volmer constant for the dynamic quenching 
process and V is an effective volume constant representing the effect of sphere-of-
action.
90
 
 
2.4 Results and discussion 
2.4.1 Quenching of free PheCN fluorescence by halide ions 
 Halide ions, especially iodide, are commonly used in fluorescence quenching 
studies of biological systems.
198
 For example, iodide is an efficient quencher of Trp 
fluorescence, with a Stern-Volmer quenching constant (KSV) of 11.6 M
−1
 at neutral pH.
198
 
As shown (Figure Figure 2.1 and Figure 2.2), the fluorescence quantum yield of free 
PheCN in aqueous solution is also sensitive to the presence of iodide: a quantitative 
analysis of the fluorescence quenching data yields a KSV of 58.6 ± 2.6 M
−1
. As expected 
(Figure 2.2 and Table 2.1), bromide is also an efficient quencher of PheCN fluorescence 
(KSV = 54.9 ± 2.4 M
−1
), whereas in comparison chloride is far less effective (KSV = 10.6 ± 
2.0 M
−1
). This trend is consistent with the well documented notion that dynamic 
fluorescence quenching often arises from the heavy-atom effect
90
, which increases the 
26 
 
yield or rate of the intersystem crossing process.
199
 Perhaps more importantly, in 
comparison to quenching experiments carried out with Trp, both iodide and bromide 
exhibit an unusually large quenching efficiency towards PheCN fluorescence, suggesting 
that both are excellent candidates for quenching PheCN fluorescence in practice. A 
previous study by Serrano et al.
128
 has shown that solute-solvent interactions have a large 
effect on the non-radiative decay rate of the fluorescent state of free PheCN, suggesting 
that internal conversion is the major non-radiative decaying channel. On the other hand, it 
has been shown that Trp has a relatively large intrinsic triplet state quantum yield 
(>0.1).
200
 Thus, it seems reasonable to attribute the difference between the iodide 
quenching efficiencies of PheCN fluorescence and Trp fluorescence to the difference in 
their intrinsic quantum yields of triplet state formation. 
 Taken together, the above results suggest that, due to its large KSV value, iodide is 
potentially a very useful PheCN fluorescence quencher in protein conformational studies. 
To validate this potential utility of iodide, we further conducted fluorescence quenching 
experiments using a tripeptide, Gly-PheCN-Gly. As shown (Equation 2.1 and Figure  2.3), 
the PheCN fluorescence quenching efficiency of iodide obtained in this case, as judged by 
the value of KSV, is almost identical to that obtained with free PheCN, indicating that the 
large effect of iodide on PheCN fluorescence stems from its collisions with the sidechain 
of PheCN and therefore can be used as a sensitive and convenient PheCN fluorescence 
quencher in protein conformational studies. 
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2.4.2 Quenching of free PheCN fluorescence by other anions 
 In order to better determine the conditions under which PheCN fluorescence can be 
used as an effective spectroscopic reporter, we also studied the PheCN fluorescence 
quenching effects of the following sodium salts: NaH2PO4, NaSCN, Na2S2O3, and 
Na2CO3. These salts were chosen because they are commonly used in biological studies 
to serve either as a buffer, denaturant, or precipitant.
201
 As shown (Figure 2.4 and Table 
2.1), both SCN
-
 and S2O3
2-
 can effectively quench the fluorescence of free PheCN. On the 
other hand, phosphate, which is commonly used in biological buffers, has little, if any, 
effect on the fluorescence quantum yield of PheCN. What is surprising, however, is that 
Na2CO3 seems to show an unexpectedly larger quenching efficiency towards PheCN 
fluorescence (Figure  2.5). Since Na2CO3 is a relatively strong base (pKb = 4.67), which 
increases the pH of the aqueous PheCN solution to about 10.2 at 1 mM concentration, it is 
possible that the large quenching effect observed arises from deprotonation of the amine 
group of the amino acid, which for phenylalanine has a pKa value of 9.13. Indeed, as 
shown (Figure  2.5), adjusting the pH of the PheCN solution using NaOH to 9.9 achieved 
the same quenching effect, whereas at 1 mM concentration NaHCO3, which is a weaker 
base than Na2CO3, only showed a small degree of fluorescence quenching. Thus taken 
together, these results validate the above hypothesis. In addition, the results obtained with 
Gly-PheCN-Gly and Na2CO3, which demonstrate that Na2CO3 shows appreciable 
fluorescence quenching only at high concentrations (data not shown), also corroborate 
this notion. Taken together, these results suggest that the −NH2 group is an efficient 
28 
 
quencher of the fluorescence of free PheCN. This finding is particularly interesting as it 
suggests that PheCN fluorescence could be potentially useful as a pH sensor, for example, 
by appending a PheCN residue to the N-terminus of a peptide or protein. 
2.4.3  Application to HP35 
 To demonstrate the utility of quenching PheCN fluorescence by iodide, we used it 
to characterize the native state conformational heterogeneity of HP35. As shown (Figure  
2.6), the NMR structure of HP35 indicates that it has a well organized hydrophobic 
cluster with Phe58 being situated inside the resultant hydrophobic core. However, two 
recent studies, one using two-dimensional infrared (2D IR) spectroscopy
136
 and another 
employing time-resolved fluorescence energy transfer (FRET)
128
, provided strong 
evidence suggesting that even in the native state of HP35 Phe58 can sample two different 
environments, one of which is accessible by water molecules. Thus, HP35 constitutes a 
good model system to test the feasibility of using iodide quenching of PheCN fluorescence 
in protein conformational studies. To do so, we mutated the Phe58 residue to PheCN and 
also Trp64 to alanine (the resultant doubled mutant is referred to as HP35-PheCN-WA) 
because Trp is known to quench PheCN fluorescence through the Förster mechanism.
183
 
Since this double mutation has been shown to decrease the stability of the native fold,
128
 
we conducted the fluorescence quenching experiments in aqueous solutions that contain 
20% (v/v) trifluoroethanol (TFE). As shown (Figure  2.6), it is clear that the fluorescence 
quenching data can not be fit by the standard Stern-Volmer equation, which suggests that 
the PheCN residue samples two or more inequivalent environments. Indeed, the iodide 
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quenching data can be well described by the following model, which assumes, based on 
previous studies,
128
 that HP35-PheCN-WA can sample two different conformations in the 
native basin: 
[Q]
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where KSV1 (and V1) and KSV2 (and V2) represent the corresponding Stern-Volmer 
quenching parameters for conformations 1 and 2, respectively, and α is the fractional 
fluorescence contribution of conformation 1. As shown (Figure  2.6), by fixing the KSV1 
value to the Stern-Volmer quenching constant of iodide obtained with the Gly-PheCN-Gly 
peptide, we were able to quantitatively fit the fluorescence quenching data of HP35-
PheCN-AW to Equation 2.2. The resultant fitting parameters are consistent with previous 
studies.
128,136
 For example, the Stern-Volmer constant for the second conformation is 
about 0.001 M
−1
, indicating that the PheCN residue in this conformation is far less solvent-
accessible, in comparison to that in the first conformation. In addition, the value of α 
(0.51) is also in qualitative agreement with the study of Urbaneket al.
136
, who have 
estimated, based on parameters obtained by analyzing both the linear and two 
dimensional infrared spectra, that the population of the solvent exposed PheCN 
conformation is 56%. The difference between these two studies most likely arises from 
one or all of the following factors: (1) in the current case the parameter α does not 
directly report on the molar fraction of the population of the PheCN exposed conformation 
as the fluorescence quantum yield of PheCN is known to depend on hydration, (2) the 
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addition of 20% TFE changes the equilibrium constant of these two protein 
conformations, and (3) the two mutations in HP35-PheCN-WA alter the native population 
distribution. Regardless of the origin of this difference, our results nevertheless confirm 
that iodide quenching of PheCN fluorescence is a useful tool in the study of protein 
conformational heterogeneity. 
 
2.5 Conclusion 
 To further expand the spectroscopic utility of the non-natural amino acid PheCN, 
herein we investigate the quenching efficiencies of a series of anions to its fluorescence. 
Our results show that iodide has an unusually large Stern-Volmer quenching constant 
(i.e., KSV = 61.8 ± 3.0 M
−1
) and thus can be used as an efficient quenching agent in 
conjunction with PheCN fluorescence in protein conformational studies. We validate the 
applicability of this approach by applying it to reveal the native conformational 
heterogeneity of the villin headpiece subdomain (HP35). Furthermore, we demonstrate 
that the neutral amino group, but not the positive ammonium group, of the PheCN amino 
acid strongly quenches its fluorescence, suggesting that a PheCN residue located at the N-
terminus of a polypeptide sequence could be used as a local pH sensor. 
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Table2.1 PheCN fluorescence quenching constants for various salts 
Salt KSV (M
-1
) V (M
-1
) 
NaI 58.6 ± 2.6 4.6 ± 0.5 
NaBr 54.9 ± 2.4 1.4 ± 0.5 
NaCl 10.6 ± 2.0 0.0 
Na2S2O3 39.6 ± 4.0 10.0 ± 2.0 
NaSCN 35.4 ± 3.0 2.7 ± 0.5 
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Figure 2.1 Normalized fluorescence spectra of free PheCN vs [NaI], as indicated.   
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Figure 2.2 Relative fluorescence intensity of free PheCN versus concentration of different 
halide quenchers, as indicated. The smooth lines are fits of these data to the Stern-Volmer 
equation and the resulting parameters are listed in Table 2.1.   
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Figure 2.3 Relative fluorescence intensity of Gly-PheCN-Gly versus [NaI]. The smooth 
line is the fit of these data to the Stern-Volmer equation and the resulting parameters are 
KSV=61.8 ± 3.0 M
−1
 and V = 0.024 ± 0.010 M
−1
. Shown in the inset are representative 
normalized fluorescence spectra of this tripeptide collected at different NaI 
concentrations, as indicated.   
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Figure 2.4 Relative fluorescence intensity of free PheCN versus concentration of different 
quenchers, as indicated.   
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Figure 2.5 Spectra of free PheCN collected with and without the presence of NaH2PO4, 
Na2CO3, NaHCO3, or NaOH, as indicated.  
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Figure 2.6 Relative fluorescence intensity of PheCN in HP35-PheCN-WA versus [NaI]. 
The smooth lines are fits of these data to Equation 2.1 and Equation 2.2, as indicated. The 
fitting parameters obtained with Equation 2.2 are KSV1= 61.8 ± 3.0 M
−1
, V1 = 3.2 ± 3.0 
M
−1
, KSV2 = 0.001 ± 0.001 M
−1
, V2 = 4.8 ± 3.0 M
−1
, and = 0.51 ± 0.10. Shown in the inset 
is the NMR structure of HP35 with the native Phe and Trp sidechains highlighted. 
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3 Sensing pH via p-Cyanophenylalanine Fluorescence: Application to Determine 
Peptide N-terminal pKa and Membrane-Penetration Kinetics 
3.1 Abstract 
 We expand the spectroscopic utility of a well-known infrared and fluorescence 
probe, p-cyanophenylalanine, by showing that it can also serve as a pH sensor. This new 
application is based on the notion that the fluorescence quantum yield of this unnatural 
amino acid, when placed at or near the N-terminal end of a polypeptide, depends on the 
protonation status of the N-terminal amino group of the peptide. Using this pH sensor, we 
are able to determine the N-terminal pKa values of nine tripeptides and also the 
membrane penetration kinetics of a cell-penetrating peptide. Taken together, these 
examples demonstrate the applicability of using this unnatural amino acid fluorophore to 
study pH-dependent biological processes or events that accompany a pH change. 
 
3.2 Introduction 
Recently, p-cyanophenylalanine (PheCN) has emerged as a convenient and versatile site-
specific fluorescence reporter for various biochemical and biophysical studies
181
. The 
broad spectroscopic utility of this unnatural amino acid, which is a structural derivative of 
tyrosine (Tyr) or phenylalanine (Phe),
202
 stems from the fact that its fluorescence 
quantum yield and lifetime are sensitive to environment,
188
 as well as its easy 
incorporation into peptides and proteins.
203
 For example, dehydration leads to a 
40 
 
significant decrease in the fluorescence intensity of PheCN, thus making it a useful probe 
of processes that involve exclusion of water, such as protein folding,
138,182
 binding,
131,184
 
aggregation,
186,204-205
 and interaction with membranes.
155,206-208
 In addition, the 
fluorescence quantum yield of PheCN can be modulated by various metal ions 
173
 and 
several amino acid sidechains.
183,189-192
 In particular, its fluorescence can be quenched by 
a nearby tryptophan (Trp) residue via the mechanism of fluorescence resonance energy 
transfer (FRET).
128,209-210
 Since this FRET pair has a Förster radius of approximately 16 
Å, it has become a very useful tool to probe protein conformational changes over a 
relatively short distance.
211
 Furthermore, Raleigh and coworkers have shown that the 
fluorescence intensity of PheCN, when placed at or near the N-terminus of a peptide, 
depends on the protonation status of the N-terminal amine group of the peptide.
187
 
However, the potential utility of this pH dependence of the PheCN fluorescence has not 
been demonstrated. Herein, we show that this unnatural amino acid can be used as a pH 
sensor to study pH-dependent biological processes or events that accompany a pH 
change. Specifically, we carry out two experiments to demonstrate the utility of PheCN 
fluorescence as a pH sensor; in the first one, we use it to determine the N-terminal pKa 
values of a series of short peptides and, in the second one, we employ it to characterize 
the membrane penetration kinetics of a cell-penetrating peptide, the trans-activator of 
transcription (TAT) peptide derived from HIV-1.
212-215
 
Several methods, including high voltage electrophoresis,
216
 circular dichroism 
(CD)
217-220
 and nuclear magnetic resonance (NMR) spectroscopy,
221-222
 have been used to 
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determine the N-terminal pKa values of unstructured or -helical peptides.
223
 However, 
due to various limitations, for instance the CD method relies on the peptide of interest to 
form a well-folded structure such as an -helix, applying these methods in practice is not 
always feasible, straightforward or convenient. Since fluorescence measurements are 
easier and also accessible to most, if not all, biochemical and biophysical researchers, it 
would be advantageous to devise a method that allows determination of N-terminal pKa 
values of peptides and proteins via fluorescence spectroscopy.  
Cell-penetrating peptides (CPPs) are short cationic peptides which can 
spontaneously translocate across cell membranes and, as such, are ideal vehicles to 
deliver exogenous cargos into cells.
224
 In spite of many previous efforts, however, several 
aspects of the translocation actions of CPPs are not well understood or characterized. For 
example, measurements of the intrinsic membrane penetration kinetics of CPPs are often 
done by measuring the fluorescence signal of a dye molecule attached to the CPP of 
interest. However, the fluorescent dyes used in this type of studies are typically large in 
size and, consequently, may have a significant effect on the CPP’s penetration rate. Here 
we show, using TAT as an example, that this concern can be alleviated by using PheCN 
fluorescence as a probe to follow the kinetics of CPP membrane penetration. Specifically, 
we replaced the N-terminal Tyr residue of TAT with PheCN, (the resultant peptide is 
hereinafter referred to as FCN-TAT), which is expected to cause only a minimum 
perturbation to the peptide as Tyr and PheCN are similar in size, and we exploited the pH-
dependence of the PheCN fluorescence to quantitatively assess the penetration kinetics of 
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TAT across a model membrane.
225
 Interestingly, we find that under our experimental 
conditions TAT first translocates across the membrane on a timescale of minutes and 
then causes membrane leakage on a timescale of hours.  
 
3.3 Experimental 
3.3.1 Peptide synthesis and sample preparation 
Peptides were synthesized on a PS3 automated peptide synthesizer (Protein 
Technologies, MA) using standard 9-fluorenylmethoxy-carbonyl (Fmoc) solid phase 
synthesis protocols and Fmoc-protected amino acids from either Bachem Americas 
(Torrence, CA) or AnaSpec (Fremont, CA). Before use, all peptide samples were further 
purified by reverse-phase high-performance liquid chromatography and verified by mass 
spectrometry. All peptide samples used in the pH titration measurements were prepared 
by dissolving lyophilized peptides into either acidic (25 mM H3PO4) or basic (25 mM 
NaOH) Millipore water, and the final concentration of each sample (20 μM) was 
determined optically using the absorbance of PheCN at 280 nm and a molar extinction 
coefficient of 850 M
-1
 cm
-1
 
184
.  
3.3.2 Fluorescence measurements and pH titration 
 Fluorescence spectra of the PheCN-containing peptides were measured at 25 
o
C on 
a Fluorolog 3.10 spectrofluorometer (Horiba, NJ) using a 1 cm quartz cuvette, a spectral 
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resolution of 1 nm, an excitation wavelength of 275 nm, and an integration time 1 s/nm. 
During a specific pH titration experiment, the concentration of the peptide under 
consideration was maintained at 20 μM and the pH of the solution was varied between 2 
and 12. This was achieved by mixing two 20 μM peptide stock solutions, one prepared in 
25 mM H3PO4 and the other in 25 mM NaOH aqueous solution, in a cuvette at an 
appropriate volume ratio to achieve the desired pH, which was further measured using a 
pH meter (Orion/ThermoScientific, MA) Additionally, in each case a background 
spectrum, obtained with the buffer solution, was subtracted. Because the shape of the 
PheCN fluorescence spectrum is insensitive to environment, only the peak intensity was 
used to generate the pH titration curves. To determine the N-terminal pKa of each 
peptide, the corresponding fluorescence titration curve was fit to the following equation: 
xpK
pKx xmbxmb
xF





1010
)10)(()10)((
)(
a
a
2211 ,    Equation 3.1 
where F(x) is the fluorescence intensity at pH x, bi and mi are the intercept and slope of 
the linear base lines (i = 1 for acidic and i = 2 for basic).  
3.3.3 Measurement of the membrane penetration kinetics of FCN-TAT 
 The 100-nm, large unilamellar vesicles (LUVs) used in the peptide 
penetration experiments were composed of either 100% DOPG or a mixture of DOPC, 
DOPG and cholesterol (3:1:1) and prepared following previously published procedures 
226
 from stock solutions of the respective lipids (purchased from Avanti Polar Lipids Inc., 
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AL). Briefly, the respective lipid solution in chloroform was first dried under a flow of 
nitrogen, allowing a lipid film to form, which was followed by a 30-minute lyophilization 
to remove any remaining solvent. The resultant lipid film was then rehydrated with 
Millipore water and the pH of the sample was adjusted to 3.5 - 4.0 using H3PO4 and 
NaOH. This sample was then subjected to seven rounds of slow vortexing, freezing and 
thawing to form LUVs. The resulting vesicle solution was then extruded 11 times through 
an extruder (Avanti Polar Lipids Inc., AL) equipped with a 100 nm membrane. After 
extrusion, the LUV solution was diluted to 100 μM (lipid concentration) with Millipore 
water and the pH was adjusted between 10.0 - 10.5 with H3PO4 and NaOH. This process 
resulted in LUV’s with acidic pH inside the vesicle and basic pH outside. All LUV 
solutions were stored at 4 °C and used within one week after preparation.  
The membrane penetration kinetics of FCN-TAT was initiated by manually adding 
an appropriate aliquot of a concentrated peptide solution (350 μM, pH 7.0) to a 2.0 mL 
LUV solution described above. The final peptide concentration was 1.0 μM, resulting in a 
1:100 peptide to lipid ratio. The time dependent fluorescence intensity of FCN-TAT at 298 
nm was collected at 25 °C using the time based acquisition function of the Fluorolog 3.10 
spectrofluorometer with time intervals of 2 seconds for the first 1,000 seconds, then every 
10 seconds for the next 10,000 seconds and then 100 seconds for the remainder of the 
experiment. These data were then binned and the initial kinetic phase corresponding to 
the membrane penetration process was fit to a single-exponential function. To remove the 
contribution of water’s Raman scattering to the fluorescence signal, most of the kinetic 
45 
 
traces were collected using an excitation wavelength of 240 nm. In other cases, an 
excitation wavelength of 275 nm was used. The pH of the solution was recorded 
throughout the duration of the experiment.  
The fluorescence quenching assay used to estimate the timescale of membrane 
leakage was modified from a liposome flux assay 
227
. Briefly, the LUVs were prepared 
using the abovementioned procedures, with the exception that a membrane impermeable 
fluorescent dye, pyranine (Alfa Aaser, MA), was added to the lipid solution. The 
concentration of pyranine was 4 μM in phosphate buffer (pH 7.5, 30 mM sodium 
phosphate and 100 mM NaCl). After extrusion of the lipid solution, the dye molecules 
that were not encapsulated inside LUVs were separated from the LUVs by passing the 
mixture through a pD-10 column (GE Healthcare, NJ). The dye-encapsulated LUV 
solution was then diluted into the same phosphate buffer that also contains 25 μM p-
xylene-bis-pyridinium bromide (DPX) (Sigma-Aldrich, MO), a pyranine fluorescence 
quencher, to yield a final lipid concentration of 100 μM. The pyranine fluorescence was 
excited at 417 nm (isosbestic point) and monitored at 515 nm with and without the 
presence of FCN-TAT peptide.  
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3.4 Results and Discussion 
3.4.1 Effect of the N-terminal amine group on PheCN fluorescence  
 Previous studies has suggested that the fluorescence of a PheCN residue, at or near 
the N-terminus of a peptide, can be significantly quenched by the deprotonated neutral 
form of the N-terminal amino group.
173,187
 To further validate this notion, we measured 
the PheCN fluorescence spectra of a tripeptide consisting of glycine (G) and PheCN (FCN) 
with a sequence of GFCNG-CONH2, having either a free amino N-terminal end (the 
corresponding peptide is hereafter referred to as GFCNG) or an acetylated N-terminus (the 
corresponding peptide is hereafter referred to as *GFCNG). As shown (Figure 3.1), the 
PheCN fluorescence intensity of GFCNG shows a drastic decrease when the pH of the 
peptide solution is increased from 2.1 to 10.0. As the N-terminal pKa of peptides is 
typically smaller than 9.0 and, thus, at pH 10.0 the N-terminus of GFCNG is expected to 
be deprotonated, this result suggests that the N-terminal amino group is an effective 
quencher of the PheCN fluorescence in this case. In support of this conclusion, the PheCN 
fluorescence of *GFCNG does not show such a pH dependence within the pH range 
studied (Figure 3.1 inset). Taken together, these results indicate that a PheCN residue, 
when placed at the second position in a peptide sequence, can be used as a pH sensor.  
To demonstrate its application in this regard, we first used PheCN fluorescence to 
determine the N-terminal pKa of GFCNG. As shown (Figure 3.2), the intensity of PheCN 
fluorescence of GFCNG displays a sigmoidal dependence on pH, characteristic of an acid-
base titration. As expected, the peptide *GFCNG, whose N-terminus is acetylated, does 
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not show such a transition. Further fitting the fluorescence titration curve of GFCNG to a 
two-state model (i.e., Equation 3.1) yielded a pKa of 7.99, which is similar to the N-
terminal pKa (7.85) of the amino group of an antimicrobial peptide
221
, melittin, which has 
a Gly residue at the N-terminus. Interestingly, as indicated (Figure 3.2), swapping of the 
first two amino acids in GFCNG (the resulting peptide is hereafter referred to as FCNGG) 
leads to a decrease in not only the N-terminal pKa value (i.e., 6.97) but also the quantum 
yield of PheCN fluorescence. The latter is suggestive of a fluorescence quenching 
mechanism that is electron transfer in nature.  
3.4.2 Determining N-terminal pKa values of a series of tripeptides  
 The results obtained with GFCNG and FCNGG indicate that the dynamic range of 
the PheCN as a pH sensor can be tuned by changing the identity of the first amino acid. To 
this end, we carried out acid-base titrations on eight additional peptides having the 
following sequence: NH2-(XFCNG)-CONH2, where X represents a different amino acid in 
each case. Specifically, we chose several amino acids with varying sidechain properties, 
including positively charged (K), negatively charged (D), polar (N, S, G), or nonpolar (G, 
M, P, V, A) sidechains, to demonstrate the sensitivity of the fluorescence of PheCN. As 
shown (Figure 3.3), the corresponding pH titration curves of these peptides measured via 
PheCN fluorescence intensity have similar sigmoidal shapes but different mid-points (i.e., 
pKa values). Indeed, the N-terminal pKa values of these peptides, determined by fitting 
the respective acid-base titrations curves to Equation 3.1, are spread over two units of pH, 
ranging from 6.7 to 8.6 (Table 3.1). In particular, the N-terminal pKa (7.99) of the AFCNG 
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tripeptide agrees well with that (8.0) determined for two alanine-based pentapeptides 
(NH2-AAEAA-Ac and NH2-AAHAA-Ac.
228
 Because of the scarcity of N-terminal pKa 
values of short peptides, however, making more comparisons with other studies is not 
possible. On the other hand, it is clear that the N-terminal pKa value of the XFCNG 
peptide is, in most -helical peptide with the 
same N-terminal residue (Table 3.1), suggesting that the peptide structure has a 
significant effect on the electronic property of the N-terminal amino group. In addition, 
as indicated (Figure 3.4), except for the proline (P) and serine (S) variants, the N-terminal 
pKa values of other peptides show a weak linear correlation with those (i.e., pK2) of the 
corresponding free amino acids. While further confirmation is needed, the large deviation 
observed for proline and serine likely results from their interactions with the PheCN 
sidechain. Regardless of the exact mechanism that controls the N-terminal pKa values of 
these tripeptides, the data in Figure 3.3 indicates that by changing the N-terminal residue, 
the useful dynamic range of PheCN fluorescence can be extended over five units of pH, 
from approximately 5 to 10.  
3.4.3 Using PheCN fluorescence to probe TAT membrane-penetrating kinetics 
 In this example, we seek to demonstrate that PheCN can serve as a pH sensor to 
monitor the rate of membrane penetration of CPPs. Specifically, we employed a well-
studied CPP, TAT (YGRKKRRQRRR-CONH2) as our model peptide. As discussed 
above, the PheCN pH sensor was introduced via a Tyr to PheCN mutation. Previous studies 
have shown that the Tyr residue plays a minimal, if any, role in facilitating TAT 
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translocation across membranes. Thus, we expect that the mutant peptide (i.e., FCN-TAT) 
will exhibit similar, if not identical, membrane penetration kinetics as the wild type 
peptide. As expected (Figure 3.5 inset), the PheCN fluorescence intensity of FCN-TAT 
depends on pH. To utilize this dependence to report the membrane penetration kinetics of 
FCN-TAT, we prepared a DOPG vesicle solution where the pH inside the vesicle was 3.5 
and the pH outside the vesicle was 10.0. As shown (Figure 3.5), upon mixing this vesicle 
solution with a FCN-TAT solution at pH 10.0, the PheCN fluorescence increases with time 
in two well separated kinetic phases. This increase in PheCN fluorescence is consistent 
with the idea that a certain fraction of the peptide molecules has translocated across the 
DOPG membranes and, thus, are experiencing a significant decrease in pH. However, 
repetitive measurements indicate that while the first or fast kinetic phase is well defined 
and reproducible, the second phase appears to be ill-defined and occurs on a much longer 
timescale. These differences prompt us to assign the fast phase to peptide internalization 
in vesicles (or membrane penetration) and the slow one to membrane leakage. This is 
based on the notion that, unlike the penetration process, a number of peptide molecules 
need to work together, for example, through the formation of transmembrane pores 
229-230
, 
to cause the membrane to leak; as a result, the leakage kinetics are intrinsically more 
stochastic like and statistically more sensitive to the experimental uncertainties (e.g., 
variations in the peptide and vesicle concentrations). To confirm this assignment, we 
measured the pH of the peptide-vesicle solution at different reaction times and found that 
after the completion of the fast kinetics phase (e.g., at 50 minutes) the pH of the system 
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was practically unchanged (i.e., 10.0 to 9.9), whereas after 5 hours the pH of the solution 
was decreased to 7.4. On the other hand, adding the GFCNG tripeptide to the same DOPG 
vesicle solution did not cause any appreciable change in the pH value after 12 hours. 
Thus, taken together these results support the aforementioned assignment. Moreover, the 
notion that the slow kinetic phase reports on peptide induced membrane leakage is further 
corroborated by the data obtained from a dye leakage experiment. As shown (Figure 3.5), 
under similar experimental conditions (i.e., same peptide and lipid concentrations) the 
fluorescence intensity of a dye (pyranine) that is initially encapsulated inside the DOPG 
vesicle shows a significant decrease (approximately 50% without counting 
photobleaching) over 10 hours, due to membrane leakage and consequently fluorescence 
quenching by a quencher (DPX) initially existing outside the vesicles. As indicated 
(Figure 3.6), the fast or peptide penetration kinetics can be fit by a single-exponential 
function with a time constant of 10.5 ± 2.2 minutes. This value is similar to those 
reported in the literature for TAT,
225,231-232
 providing further supporting evidence for our 
assignment.  
Using 240 nm photons to excite the PheCN fluorescence may lead to undesirable 
heating effect. To verify that this is not the case, we also carried out fluorescence kinetic 
measurements using an excitation wavelength of 275 nm. As shown (Figure 3.7), the 
resultant penetration kinetics has a time constant of 12.8 ± 2 minutes, indicating that the 
photo-excitation induced heating affects minimally, if any, the kinetic results. Similarly, 
to better mimic eukaryotic cell membranes, we also conducted the penetration experiment 
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using a ternary mixture of DOPC, DOPG, and cholesterol.
233-234
 As indicated (Figure 
3.7), the FCN-TAT penetration kinetics obtained with the mixed lipid membrane are 
comparable to those measured with DOPG vesicle, with a time constant of 11.9 ± 1.5 
minutes.  
 
3.5 Conclusion 
 The non-natural amino acid, p-cyanophenylalanine (PheCN), has unique infrared 
(IR) and fluorescent properties. As such, it has been used as both IR and fluorescence 
probes in a wide range of applications. Here, we further show that, for peptides having a 
PheCN residue at or near the N-terminus, the neutral form of the N-terminal amino group 
is much more effective than the protonated form in quenching the PheCN fluorescence. 
As a result, such peptides can be used as pH sensors. By examining the pH-dependence 
of the PheCN fluorescence of nine tripeptides (i.e., X-PheCN-Gly, where X represents 
either Asn, Met, Lys, Pro, Val, Asp, Ala, Gly or Ser), we are able to show that the 
dynamic range of such pH sensors can be tuned to cover several units of pH as the N-
terminal pKa of these peptides depends on the identity of the N-terminal amino acid. In 
addition, using TAT as an example, we demonstrate that the aforementioned pH-
dependence of PheCN fluorescence can be exploited to measure penetration kinetics of 
cell-penetrating peptides across model membranes. 
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Table3.1  The N-terminal pKa value of the XFCNG tripeptide determined from the current 
experiment, the pK2 value of the corresponding free amino acid X
235
, and the N-terminal 
pKa value (
H
apK ) of an α-helical peptide with X at the N-terminus.218 The uncertainty of 
the measured pKa values is ±0.1.   
 
X pKa H
apK  
pK2 
N 6.69 7.07 8.8 
M 7.04 7.83 9.2 
K 7.25 8.12 9.2 
P 7.28 8.85 10.6 
V 7.29 8.14 9.6 
D 7.70 8.25 10.0 
A 7.99 8.35 9.7 
G 7.99 8.51 9.8 
S 8.59 7.63 9.2 
FCNGG 6.97  9.1 
 
 
  
54 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Normalized PheCN fluorescence spectra of GFCNG obtained at different pH 
values, as indicated. Shown in the inset are the normalized PheCN fluorescence spectra of 
*GFCNG (i.e., the N-terminal acetylated version of GFCNG) collected under acidic and 
basic pH conditions. 
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Figure 3.2 Normalized PheCN fluorescence intensity versus pH of three tripeptides, as 
indicated. In each case, the smooth line represents the best fit of the corresponding 
fluorescence titration curve to Equation 3.1 and the resulting pKa value is listed in Table 
3.1.  
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Figure 3.3 Normalized PheCN fluorescence intensity versus pH of XFCNG peptides, as 
indicated by the X amino acid. Smooth lines correspond to the best fits of these 
fluorescence titration curves to Equation 3.1 and the resulting pKa values are given in 
Table 3.1. In addition, the significantly decreased fluorescence intensity of MFCNG is due 
to the previously verified quenching effect of methionine sidechain toward PheCN 
fluorescence.
187
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Figure 3.4 Comparison between the N-terminal pKa of XFCNG with the pK2 of the 
corresponding free amino acid X. Except for proline and serine, a correlation (R
2
 = 0.98) 
between the pKa and pK2 values exists for the amino acids studied. 
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Figure 3.5 Four representative PheCN fluorescence kinetic traces obtained upon mixing a 
FCN-TAT solution with a DOPG LUV solution (black, purple, green and blue). The 
excitation wavelength was 240 nm. The pink lines are the time-dependent fluorescence 
intensities of the pyranine dye initially encapsulated inside the DOPG vesicles obtained 
in the presence (thick line) and absence (thin line) of the FCN-TAT peptide and DPX 
quencher. In other words, the thin pink line measures the photobleaching rate of the 
pyranine dye, whereas the thick pink line reports the peptide induced membrane leakage 
kinetics. Shown in the inset is the normalized PheCN fluorescence of FCN-TAT as a 
function of pH. 
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Figure 3.6 The first 2000-second portions of the same PheCN fluorescence kinetic traces 
in Figure 3.5. The red line represents the best fit of the averaged data of these four curves 
to a single-exponential function with a time constant of 10.5 ± 2.2 minutes. 
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Figure 3.7 FCN-TAT penetration kinetics. The thin red line represents the FCN-TAT 
penetration kinetics obtained with DOPG LUVs and an excitation wavelength of 275 nm, 
and the thick and smooth red line represents the best fit of this kinetic trace to a single-
exponential function with a time constant of 12.8 ± 2 minutes. The thin blue line 
represents the FCN-TAT penetration kinetics obtained with the ternary lipid membrane 
described in the text, and the thick and smooth blue line represents the best fit of this 
kinetic trace to a single-exponential function with a time constant of 11.9 ± 1.5minutes. 
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4 Solute’s Perspective on How Trimethylamine Oxide, Urea, and Guanidine 
Hydrochloride Affect Water’s Hydrogen Bonding Ability 
4.1 Abstract 
 While the thermodynamic effects of trimethylamine oxide (TMAO), urea, and 
guanidine hydrochloride (GdnHCl) on protein stability are well understood, the 
underlying mechanisms of action are less well characterized and, in some cases, even 
under debate. Herein, we employ the stretching vibration of two infrared (IR) reporters, 
i.e., nitrile (C≡N) and carbonyl (C═O), to directly probe how these cosolvents mediate 
the ability of water to form hydrogen bonds with the solute of interest, e.g., a peptide. 
Our results show that these three agents, despite having different effects on protein 
stability, all act to decrease the strength of the hydrogen bonds formed between water and 
the infrared probe. While the behavior of TMAO appears to be consistent with its 
protein-protecting ability, those of urea and GdnHCl are inconsistent with their role as 
protein denaturants. The latter is of particular interest as it provides strong evidence 
indicating that although urea and GdnHCl can perturb the hydrogen-bonding property of 
water their protein-denaturing ability does not arise from a simple indirect mechanism. 
 
4.2  Introduction 
 It is well-known that both the stability and solubility of a protein in aqueous 
solution can be altered by the addition of certain cosolvents, such as trimethylamine 
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oxide (TMAO) and urea. While there is a large body of research
11-13,16-22,26-28,31,33-37,49,236-
252
 on how such stabilizing/destabilizing effects might take place, a coherent view of the 
underlying mechanism of action at the molecular level has not been reached. For 
example, it is still under debate whether urea and GdnHCl, both of which are commonly 
used as protein denaturants, affect the structure and dynamics of the solvent water 
molecules to such an extent that would significantly reduce the strength of stabilizing 
interactions in proteins.
253-254
  
 One of the distinctive physical properties of water is its strong ability to form 
hydrogen bonds (H-bonds), and these interactions are essential for protein folding. As 
such, many previous studies
20,40,54,255-257
 have focused on investigating whether 
commonly encountered protectants (e.g., TMAO) and denaturants (e.g., urea and 
guanidine hydrochloride (GdnHCl)) affect the H-bond network of water molecules and, if 
so, to what extent. For example, Vanderkooi and co-workers have demonstrated, using IR 
spectroscopy and molecular dynamics (MD) simulations,
45
 that the addition of TMAO 
results in a significant change in the vibrational spectrum of water, whereas the addition 
of urea has little effect. While such studies have provided significant insights into our 
understanding of how a given cosolvent interacts with water, and how such interactions 
might change the structure of water, they offered little, if any, direct information on how 
the cosolvent of interest mediates the strength of the H-bonds formed between water and 
a third molecular component (e.g., a protein) in solution. Because water–protein H-
bonding interactions are known to play a critical role in determining not only protein 
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stability but also protein solubility, it would therefore be very useful if one could devise a 
method that allows a direct assessment of how a given cosolvent mediates the ability of 
water to form H-bonds with proteins. It is well-known that the vibrational frequency of 
nitriles is sensitive to local solvation environment
83,116,144,149,155,163,178,180,191,205,258-267
 and, 
especially, H-bonding interactions
148,177,181
 and thus is ideally suited to serve as a site-
specific probe in this regard. Herein, we use this H-bonding probe to directly evaluate 
how the addition of TMAO, urea, or GdnHCl affects the water–solute H-bonds of 
interest. 
 
4.3  Experimental Section 
 Reagent-grade urea, GdnHCl, TMAO, and NaCl were purchased from Aldrich 
(Saint Louis, MO) and used as received. Their concentrations were determined by the 
refractive index of the corresponding solution. The PheCN-Peptide was synthesized on a 
PS3 peptide synthesizer (Protein Technologies), purified by reverse-phase liquid 
chromatography, and verified by mass spectrometry. The peptide concentration was 
determined optically using the absorbance of the peptide solution at 280 nm and a molar 
extinction coefficient of 850 cm
–1 
M
–1
. All FTIR spectra at a resolution of 1 cm
–1
 were 
collected on a Magna-IR 860 spectrometer (Nicolet, WI). The details of the setup have 
been described elsewhere.
268
 The path length was 53 μm for all measurements, except 
when 
13
C-urea was used as a cosolvent, where a 14 μm sample cell was used. 
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4.4 Results and Discussion 
 Acetonitrile (ACN) is the simplest organic nitrile compound, whose stretching 
mode has been extensively studied and characterized in a large number of solvents.
132,269-
271
 It is found that the nitrile group readily forms H-bonds with protic solvents, and more 
importantly for the current study, its stretching frequency shows a correlation with the H-
bonding ability of the solvent, with the relation that a higher frequency corresponds to a 
stronger C≡N–solvent H-bond.
272
 For example, in water the C≡N stretching band of ACN 
is centered at 2259.8 cm
–1
, whereas in methanol it shifts to 2259.0 cm
–1
.
132
 Therefore, 
ACN constitutes a convenient model system to probe whether the addition of a third 
molecular component will affect the strength of the C≡N–H2O H-bond(s). 
 As shown (Figure 4.1), the nitrile stretching vibrational band of ACN in water 
collected at room temperature clearly shows a red-shift upon addition of TMAO (4.8 M), 
from 2260.0 to 2258.4 cm
–1
. This result provides the first direct indication that TMAO, 
which by itself cannot form H-bonds with the nitrile group, can effectively reduce the 
strength of the C≡N–H2O H-bond(s). To further confirm this finding, we also repeated 
the measurements at other temperatures. As indicated (Figure 4.2), the above-mentioned 
red-shift is maintained over the entire temperature range of the experiment. Furthermore, 
in both pure water and the TMAO solution, the center frequency of the nitrile stretching 
band decreases with increasing temperature, due presumably to thermally induced 
weakening of the corresponding C≡N–H2O H-bond(s).
273
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 What is more interesting to note is that urea and GdnHCl also induce a similar 
red-shift in the nitrile stretching band of ACN (Figure 4.2). This result is rather 
unexpected as both cosolvents are well-known to have an opposite effect on protein 
solubility and stability compared to TMAO. On the other hand, addition of NaCl leads to 
a slight but measurable increase in the nitrile stretching frequency (Figure 4.2). Thus, 
taken together, these results corroborate our expectation that the nitrile stretching 
vibration can be used to probe cosolvent-induced changes in the local H-bond 
environment. 
 It is well recognized that the solute–solvent interaction energy is influenced by 
many factors and thus is difficult to determine, especially based on spectroscopic data 
alone.
274
 On the other hand, it is possible to quantify the change in local electric field and 
thus the change in solvent–solute electrostatic interaction energy using experimentally 
determined vibrational frequency shift of an appropriate vibrator and its Stark tuning rate. 
However, application of the C≡N stretching vibration in this regard is not straightforward 
as Cho and co-workers have shown that the nitrile stretching frequency shift caused by 
C≡N–H2O H-bonding interactions cannot be quantitatively described by a simple linear 
Stark effect relationship.
84
 Therefore, below, we only seek to obtain a qualitative estimate 
of the extent to which the ACN–water electrostatic interaction energy changes in 
response to addition of a given cosolvent, by assuming that the vibrational frequency shift 
of the nitrile moiety can be described by its Stark tuning rate. For ACN, this assumption 
may not be totally unreasonable as the computational results of Cho and co-workers
260
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have suggested that the electric field vector components parallel to the C≡N molecular 
axis are the dominant factors of the nitrile stretching frequency shift induced by C≡N–
H2O H-bonding interactions. The Stark tuning rate of the nitrile stretching vibration of 
ACN has been determined to be 0.43 cm
–1
/(MV/cm).
78,275
 By assuming the permanent 
dipole moment of ACN (3.92 D) to be independent of solvent conditions, a simple 
calculation indicates that the addition of TMAO (4.8 M) results in a decrease in the 
ACN–water electrostatic interaction energy due to decreased H-bonding interactions by 
approximately 0.69 kcal/mol. While this value cannot be simply interpreted as the 
TMAO-induced change in the solvation energy of ACN, its trend is nevertheless 
consistent with the role of TMAO as a protein protectant. 
 The ability of urea and GdnHCl to decrease the nitrile stretching frequency of 
ACN seems to be inconsistent with their protein-denaturing abilities. To verify the 
findings obtained with ACN, we further measured the effect of the above-mentioned 
cosolvents on the nitrile stretching frequency of a pentapeptide that contains an non-
natural amino acid, PheCN. Similar to that of ACN, the nitrile stretching mode of PheCN 
has been shown to be sensitive to the local hydration status of peptides and proteins and, 
hence, can be used as a local H-bond reporter.
143,177,273
 The primary reason that we 
employ a short peptide (sequence: GK-PheCN-TV, hereafter referred to as PheCN-Peptide), 
instead of a model protein, is to avoid the denaturant-induced conformational transitions 
of the latter, which could complicate data interpretation. 
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 As shown (Figure 4.3), similar to that observed for ACN, addition of TMAO 
induces a red-shift in the nitrile stretching band of the PheCN-Peptide, in comparison with 
that obtained in pure water. This result further corroborates the above notion that TMAO, 
with its inability to directly form a H-bond with the nitrile group, must mediate the 
nitrile–water interaction by reducing the corresponding H-bond strength. Perhaps more 
important is that, consistent with the results obtained with ACN, both urea and GdnHCl 
induce a similar, albeit smaller, red-shift in the nitrile stretching frequency of the PheCN-
Peptide (Figure 4.4). In comparison, addition of NaCl results in a blue-shift in the nitrile 
stretching frequency and hence a strengthening of the corresponding C≡N–H2O H-
bond(s). While the current spectroscopic results do not allow a direct assessment of the 
effect of the added cosolvents on water–water H-bonding interactions, those obtained 
with NaCl appear to be consistent with several previous studies,
276
 which demonstrated 
that with increasing NaCl concentration, the strength of water–water H-bonds 
decreases.
4,277
  
 Despite having distinctively different effects on protein stability, our results 
suggest that TMAO and urea both act to decrease the C≡N–H2O H-bond strength. To 
verify that this effect is not specific to the nitrile probe, we further studied the effect of 
TMAO and urea on the amide I′ band of N-methylacetamide (NMA), a compound that 
contains a single amide unit and has been widely used as the simplest model of a protein 
backbone.
278-279
 The amide I band of polypeptides arises mainly from the backbone C═O 
stretching vibrations and is an established IR probe of protein conformations,
138
 due to its 
68 
 
sensitivity to various structural determinants, such as H-bonding interactions. Unlike 
nitriles, forming a stronger H-bond with the solvent will lead to a decrease in the amide I′ 
vibrational frequency of NMA. 
 As shown (Figure 4.5), the amide I′ band of NMA obtained in TMAO solution is 
shifted to a higher wavenumber compared to that obtained in D2O, akin to the 
dehydration-induced blue-shift of the amide I′ band of helical peptides.
280
 Thus, this 
result indicates that addition of TMAO decreases the strength of the H-bond(s) formed 
between the carbonyl group and water molecules, in agreement with the simulation study 
of Gao and co-workers.
281
 As indicated (Figure 4.5), 
13
C-urea shows a similar effect (but 
to a lesser extent). It should be noted that because 
12
C-urea absorbs strongly in the amide 
I′ region 
13
C-urea was used herein to allow the measurement of part of the amide I′ band 
of interest. This result is consistent with the results of Cremer and co-workers,
282
 which 
demonstrated that urea and its methyl derivatives can cause the amide stretching vibration 
of poly(N-isopropylacrylamide) to shift to higher frequencies. Taken together, the C≡N 
and C═O results therefore argue strongly that the observed decrease/increase in the 
strength of solute–H2O H-bonds is not specific to the spectroscopic reporter used; rather, 
it intimately reports the perturbation of the cosolvent of interest on water’s hydrogen 
bonding ability. 
 Our observation that TMAO decreases the solute–water hydrogen bonding 
interactions is consistent with its ability to protect proteins from unfolding. Water always 
seeks to form additional H-bonds, e.g., with any exposed protein amide units; hence, 
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decreasing the protein–water H-bonding interaction strength is expected to strengthen the 
intraprotein H-bonds, as observed in a recent MD simulation,
283
 consequently increasing 
the stability of the folded state. In addition, our results are in agreement with several 
previous studies.
25,254,284
 For example, Vanderkooi and co-workers have shown that 
addition of TMAO to a mixture of 5% H2O and 95% D2O leads to a significant 
broadening, primarily at the low-frequency side of the OH stretching band, indicative of 
an enhancement of the population of a more strongly H-bonded water species.
45
 It is 
reasonable to assume that such water species would form weaker H-bonds with other 
solute molecules, as observed in the present case. Similarly, our TMAO results are 
corroborated by the molecular dynamics (MD) simulation study of Gao and co-
workers,
280
 which indicated that TMAO enhances the tetrahedral water structure and 
weakens the interactions between the amide carbonyl group and water molecules.
10
 In 
addition, our results suggest that when considering the fact that proteins normally contain 
a large number of sites capable of forming hydrogen bonds with water the TMAO-
induced weakening of protein–water H-bonds could play an important role in the overall 
stabilizing effect of TMAO, which is entirely consistent with the notion that TMAO acts 
to make water a poor solvent for the protein backbone.
40,62,285
  
 Many studies have shown that urea and GdnHCl are only weakly hydrated and, 
consequently, have little effect on the water–water H-bonding network.
143,286-287
 Thus, it 
is surprising that our results indicate that these cosolvents not only have a significant 
effect on the C≡N–H2O H-bond(s) but also act to reduce the strength of such H-bonds. In 
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addition, the data obtained with NMA (Figure 4.5) suggest that urea could also decrease 
the interaction between water and protein backbone carbonyls, though probably to a 
lesser extent compared to TMAO. Considering the fact that both urea and GdnHCl are 
strong protein denaturants, these results are rather intriguing. In other words, based on 
these results alone one might, for example, predict that urea is a protecting osmolyte, 
instead of a denaturing one. Thus, these results provide strong evidence in support of the 
notion that urea and GdnHCl destabilize proteins via specific binding interactions
36,287
 
and, in particular, the conclusion reached by Zhou and co-workers that the electrostatic 
(hydrogen-bonded) interactions only play a relatively minor (even negative) role in urea-
induced protein denaturation.
252
 Furthermore, our results are consistent with the 
viewpoint that for a given denaturing agent a direct correlation may not exist between its 
denaturation efficiency and its ability to modify water structure.
276,288
 
 Since both urea and guanidinium are hydrogen bond donors, it is possible that the 
observed vibrational frequency shifts do not report a change in the corresponding solute–
water H-bonding environment. Instead, they correspond to the formation of a new type of 
H-bond, i.e., that formed between the nitrile moiety and denaturant. While we cannot 
entirely rule out this possibility, we believe this is an unlikely scenario, at least in the case 
of the PheCN-Peptide. This is because ample evidence in the literature suggests that urea 
and guanidinium show preferential binding to hydrophobic side chains (PheCN in the 
current case), in a parallel or side-to-side fashion,
286
 which is incompatible with a 
hydrogen-bonded configuration in which the denaturant and PheCN are aligned in a head-
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to-tail manner. In addition, if the denaturants participate directly to form either new or 
additional H-bonds, the nitrile stretching frequency is expected to increase, which is not 
observed. 
 In light of the current findings, it would be quite useful to design new experiments 
that would allow a more direct visualization of the specific interactions between 
denaturants and proteins. In principle, such interactions could be studied in great detail by 
multidimensional infrared spectroscopy, for example, by examining the vibrational 
couplings between two well-chosen vibrators, one on the peptide (such as a nitrile group 
on the side chain or an amide carbonyl on the backbone) and another on the cosolvent 
(such as urea’s carbonyl group). 
 
4.5 Conclusions 
 In summary, we have investigated how TMAO, urea, and GdnHCl affect the 
hydrogen bonding interactions between a solute molecule of interest and water via the 
vibrational frequency shift of a nitrile IR probe, aiming to shed new insight into the 
protecting or denaturing mechanism of these cosolvents. Our results demonstrated that all 
three cosolvents act to decrease the strength of the hydrogen bonds formed between water 
and the nitrile moiety. We believe that this is an important finding as it suggests that (1) 
both urea and GdnHCl are capable of perturbing the structure of water, at least the water–
water interactions in the hydration shell of the solute, (2) simply knowing how a given 
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cosolvent affects the structure and dynamics of water is probably insufficient to allow an 
accurate prediction of its protecting or denaturing efficiency, and (3) more specifically, 
urea and GdnHCl denature proteins through specific interactions with the targets. 
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Figure 4.1 C≡N stretching vibrational bands of ACN (∼10 mM) in water and 4.8 M 
TMAO aqueous solution, as indicated. These data were collected at 25.9 and 25.1 °C, 
respectively. For easy comparison, the spectrum obtained in TMAO solution has been 
scaled.   
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Figure 4.2 Temperature dependence of the peak frequency of the C≡N stretching 
vibrational band of ACN (∼50 mM) obtained under different solvent conditions, as 
indicated. The concentrations of the cosolvent or cosolute in each case were: [TMAO] = 
4.8 M, [Urea] = 5.2 M, [GdnHCl] = 5.1 M, and [NaCl] = 5.0 M. 
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Figure 4.3 C≡N stretching vibrational bands of the PheCN peptide (∼15 mM) in water and 
4.8 M TMAO aqueous solution, as indicated. These data were collected at 27.7 and 25.2 
°C, respectively. For easy comparison, the spectrum obtained in TMAO solution has been 
normalized to that obtained in water. 
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Figure 4.4 Temperature dependence of the peak frequency of the C≡N stretching 
vibrational band of the PheCN-Peptide obtained under different solvent conditions, as 
indicated. The concentrations of the cosolvent or cosolute in each case were: [TMAO] = 
4.8 M, [Urea] = 5.2 M, [GdnHCl] = 5.1 M, and [NaCl] = 5.0 M. 
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Figure 4.5 FTIR spectra of NMA in the amide I′ region at 25.0 °C under different solvent 
conditions, as indicated. The concentrations of TMAO and 13C-urea were 4.7 and 5.1 M, 
respectively. Since the C═O stretching vibrational band of12C-urea overlaps strongly 
with that of NMA, 
13
C-urea was used in the current case. The NMA concentrations were 
∼50 mM for the 13C-urea experiment and ∼10 mM for other measurements. For easy 
comparison, the spectra obtained in TMAO and 
13
C-urea solutions have been normalized 
to that obtained in D2O.  
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5 Microscopic insights into the protein-stabilizing effect of trimethylamine N-oxide 
(TMAO) 
5.1 Significance 
 The ability of trimethylamine N-oxide (TMAO) to counteract osmotic stress along 
with the deleterious effects of denaturants such as urea is fascinating and has inspired 
many studies. To further our understanding of how TMAO acts to stabilize folded 
proteins, we carry out an infrared experiment designed to probe the microscopic details of 
this action explicitly from the perspective of the solute molecule. Our results reveal that 
the protein-stabilizing effect of TMAO originates from two contributions: One is entropic 
and the other is enthalpic in nature. Thus, this study provides not only microscopic details 
underlying the stabilizing action of TMAO, but also a method that can be used to study 
the stability-perturbing effect of other cosolvents. 
 
5.2 Abstract 
 Although it is widely known that trimethylamine N-oxide (TMAO), an osmolyte 
used by nature, stabilizes the folded state of proteins, the underlying mechanism of action 
is not entirely understood. To gain further insight into this important biological 
phenomenon, we use the C≡N stretching vibration of an non-natural amino acid, p-cyano-
phenylalanine, to directly probe how TMAO affects the hydration and conformational 
dynamics of a model peptide and a small protein. By assessing how the lineshape and 
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spectral diffusion properties of this vibration change with cosolvent conditions, we are 
able to show that TMAO achieves its protein-stabilizing ability through the combination 
of (at least) two mechanisms: (i) It decreases the hydrogen bonding ability of water and 
hence the stability of the unfolded state, and (ii) it acts as a molecular crowder, as 
suggested by a recent computational study, that can increase the stability of the folded 
state via the excluded volume effect. 
 
5.3 Introduction 
 Nature employs a variety of small organic molecules to cope with osmotic stress. 
Trimethylamine N-oxide (TMAO) is one such naturally occurring osmolyte that protects 
intracellular components against disruptive stress conditions.
289
 In particular, previous 
studies have shown that TMAO is able to enhance protein stability and to counteract the 
denaturing effect of urea.
10,290
 TMAO (Figure 5.1, Inset) adopts a skewed tetrahedral 
structure with a charged oxygen capable of accepting hydrogen bonds (H bonds) and 
three hydrophobic (methyl) groups. This amphiphilic structural arrangement makes 
TMAO a rather special cosolvent, because it can form H bonds with water, self-associate 
in a manner similar to surfactants, and show preferential interactions with or 
exclusion
45,245,254-255,257,291-294
 from certain protein functional groups.
22,33,241,248,281,295-300
 
Indeed, these molecular properties of TMAO have been used, either individually or in 
combination, to rationalize its biological activities. For example, a prevailing view about 
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TMAO is that its osmotic and protective role is caused by the molecule’s tendency to be 
preferentially depleted from protein surfaces, as suggested by physicochemical 
measurements.
49,51,54,240,301
 This thermodynamic picture, as described by Bolen and 
coworkers
53
, implies that the protein is preferentially hydrated. Although this notion is 
consistent with TMAO’s being a protecting osmolyte, to the best of our knowledge no 
experimental studies have been carried out to directly examine the effect of TMAO on 
protein hydration dynamics, an aspect that is also important to protein function. Herein, 
we use two-dimensional infrared (2D IR) spectroscopy and a site-specific IR probe to 
explore this critical issue and gain insight toward achieving a microscopic understanding 
of the molecular mechanism of the protecting action of TMAO. 
 2D IR spectroscopy is capable of assessing the frequency–frequency correlation 
function (FFCF) of a given IR probe, which reports on the underlying dynamics of events 
that lead to fluctuations of its vibrational frequency.
56
 For an IR probe that is able to 
interact with water via H bonding, measurement of its FFCF can provide, sometimes in a 
site-specific manner, detailed information about the hydration dynamics of the protein 
molecule of interest. For example, this approach has been used to identify the existence 
of mobile water molecules inside Aβ40 amyloid fibrils
302-303
 and to interrogate the water-
assisted drug-binding mechanism of HIV-1 reverse transcriptase
304
, among many other 
applications.
305-310
 In the current study, we capitalize on the established sensitivity of the 
nitrile stretching vibration (C≡N) to local hydration and electrostatic environment
177
 and 
use the non-natural amino acid p-cyano-phenyalanine (PheCN) as a local IR reporter. The 
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advantages of using the C≡N stretching vibration of PheCN are that (i) it is located in a 
spectrally uncongested region (2,000−2,400 cm
−1
), where water has a relatively low 
absorbance; (ii) it has a reasonably large extinction coefficient; and (iii) it is, in most 
cases, a simple transition that is decoupled from other vibrational modes of the 
molecule.
181
 
 Recently, we have shown that upon addition of TMAO, the C≡N stretching 
vibration of PheCN in a short peptide shifts to a lower frequency compared with that 
obtained in pure water.
174
 As shown (Figure 5.1), the peptide studied in the current case, 
Gly-PheCN-Gly (hereafter referred to as GFCNG), exhibits the same trend. Taken together, 
these results suggest that TMAO weakens the strength of the H bond formed between the 
nitrile group and water molecules. Whereas this finding is consistent with the ability of 
TMAO to increase protein stability, a microscopic picture regarding how TMAO alters 
protein–water interactions has yet to be established. To provide new insights into the 
molecular mechanism of the protecting action of TMAO, herein we measure the FFCF of 
the nitrile probe in two model systems, the tripeptide GFCNG and the villin headpiece 
subdomain (HP35) with PheCN mutations under different cosolvent conditions. In 
particular, we are able to extract both the homogeneous and the inhomogeneous 
contributions to the total lineshape of the C≡N stretching band and, perhaps more 
importantly, to provide a dynamic view, from the perspective of the PheCN sidechain, of 
how a given solution condition (i.e., in the presence of TMAO, urea, or both) affects the 
hydration dynamics of the peptide in question.
20
 Our results suggest that TMAO 
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molecules produce a local protein environment that strengthens backbone–backbone H 
bonds and also reduces the conformational entropy of the system. In other words, TMAO 
increases protein stability by acting as a nano-crowder, as proposed by Thirumalai, 
Straub and coworkers based on computer simulations.
62
 
 
5.4 Results 
 Consistent with our previous study, TMAO affects the C≡N stretching band of 
GFCNG by shifting its peak to a lower frequency and broadening its width.
174
 Although 
these changes in lineshape indicate a change in the local electrostatic and H-bonding 
environment of the C≡N probe, and thus contain information about the molecular effect 
of TMAO, a quantitative assessment of the factors underlying these changes, based on 
linear IR measurements alone, is not feasible. Thus, herein we combine data from linear 
and nonlinear IR measurements and use response function theory to fully characterize the 
lineshape of the C≡N stretching vibrations obtained under different solvent conditions. 
This analysis allows us to dissect the homogeneous and inhomogeneous contributions to 
the linear IR spectrum of interest, which provides insights into the mechanism of action 
of TMAO. 
5.4.1 2D IR Photon Echo Spectra of GFCNG. 
 As indicated (Figure 5.2), the absorptive 2D IR spectra of the nitrile group of 
GFCNG, collected at different waiting times (T) and solution conditions, clearly show that 
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the 2D lineshapes and the spectral diffusion dynamics of the C≡N stretching vibration 
depend on the cosolvent. For example, at T = 500 fs, the 2D IR lineshape of this vibration 
in water becomes more circular than that in 6 M TMAO, suggesting that adding TMAO 
significantly changes contributions from the homogenous part, as well as the 
inhomogenous part, to the total lineshape of the vibrational transition. To provide a more 
quantitative assessment of how a particular cosolvent affects the microscopic 
environment of the nitrile probe and hence its vibrational transition, below we examine 
how the key spectral and dynamic properties of this vibrator change with solution 
condition. 
 First, we compare the vibrational lifetimes (T1) of the nitrile probe obtained under 
different solution conditions. As shown (Table 5.1), the T1 of the C≡N stretching 
vibration, consistent with previous studies
136,148
, is insensitive to solvent and, thus, is not 
a good reporter of its local environment. This finding is consistent with the study of Cho 
and coworkers
311
, which showed that the vibrational relaxation of a nitrile moiety 
attached to a large molecule in water is dominated by intramolecular pathways. In 
addition, the measured T1 value (∼4 ps) indicates that in this case the lifetime-broadening 
contribution (∼1.3 cm−1) to the spectral width (10−15 cm−1) is small. 
 Second, we compare the effects of cosolvent on the spectral diffusion of this 
probe, using the center line slope (CLS) method developed by Fayer and coworkers.
57
 A 
center line is defined as the line that connects the maxima of the peaks of a series of cuts 
through a particular 2D IR spectrum that are parallel to the ωτfrequency axis. It has been 
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shown that, within the short time approximation, the waiting-time (i.e., T) dependence of 
the CLS directly reports on the normalized FFCF of the vibrational probe in question.
57
 
As indicated (Figure 5.3), the CLS (T) of the nitrile probe, obtained under all solution 
conditions, can be described by the following equation: 
BeAT t   )( CLS        Equation 5.1 
where A, B, and τ are constants. The exponential term in Equation 5.1 is often referred to 
as the Kubo term, which, in the current case, most likely reports on the dynamics of H-
bond formation and breaking between the nitrile group and water, which cause the 
vibrational frequencies to fluctuate.
312-314
 As shown (Table 
 5.2), the decay time constant of this Kubo term determined for GFCNG in water is about 
2.2 ps, which is in good agreement with previously reported values for the nitrile 
stretching vibration in aqueous solutions.
55,136,308,314
 In addition, the offset term B 
obtained in water is practically zero. However, adding a cosolvent, either TMAO or urea, 
results in a measurable decrease in τ and an appreciable increase in B and, interestingly, 
TMAO is more effective than urea at increasing this offset. Fayer and coworkers
57
 have 
shown, assuming that the system follows Bloch dynamics, that this offset term is related 
to the total inhomogeneous component of the lineshape. Thus, these results suggest that 
TMAO can effectively slow down or even suppress some motions that lead to local 
environmental changes of the nitrile probe and, hence, its spectral diffusion.  
 To provide a more quantitative assessment of the cosolvent-induced changes in 
the spectral and dynamic properties of the nitrile stretching vibration, we calculate the 
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homogeneous and inhomogeneous contributions to the total lineshape, by analyzing the 
linear IR spectrum using the linear response function.
56
 Specifically, we fit the IR 
spectrum, SIR(ω), to the following function
312
: 
dteeeS
t
Tttgti
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      Equation 5.2 
where T1 is the vibrational lifetime, ω0 is the center frequency, and g(t) is the vibrational 
lineshape function, defined as 
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where C(t) represents the full FFCF of the IR probe and is described by the following 
equation (53): 
 te
T
t
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)(       Equation 5.4 
where the first term represents the motional narrowing component determined by the pure 
dephasing time (T2*), the second term represents a static or slowly varying component, 
and the third term is the aforementioned Kubo term. As shown (Figure 5.1), all of the 
linear IR spectra can be reasonably well described by  and the resultant fitting parameters 
(i.e., T2*, Δs, and Δ) are listed in Table 5.1. In particular, the parameters obtained for 
water are in good agreement with those previously reported for this probe.
308
 With the 
knowledge of T2*, we further calculated the pure dephasing linewidth (Γ) for each case 
using the relationship of Γ = 1/πT2*. 
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 In the current case, we have neglected the contribution from Trot, which represents 
the rotational relaxation time of the probe
315
 and is expected to be much longer than T1 or 
T2*. As indicated (Table 5.1), the spectral parameters produced from the above analysis 
clearly show that the pure dephasing linewidth (Γ) of the C≡N stretching vibration 
decreases in the following order: H2O > 6 M urea > 1 M TMAO > TMAO/urea (3 M/3 
M) > 6 M TMAO, whereas the total inhomogeneous component (i.e., 2s
2  ) follows 
the exact opposite trend (i.e., H2O < 6 M urea < 1 M TMAO < TMAO/urea (3 M/3 M) < 
6 M TMAO). Moreover, the contribution from the Kubo term (i.e., Δ
2
) decreases upon 
adding cosolvents to the system, which, consistent with the above CLS analysis, indicates 
that cosolvents weaken the H bonding between the C≡N probe and water molecules. 
 As shown in Table 5.1, the most striking differences for the C≡N stretching 
vibration under different solution conditions are in the values of the static term (Δ2s). The 
origin of this static term, for large molecules such as proteins, is generally attributed to 
motions that can affect the local electrostatic environment of the IR probe but occur on a 
timescale that is much slower than the vibrational lifetime or the effective time window 
of the experiment, such as backbone conformational changes.
316-318
 Interestingly, in the 
current case, the static component obtained in water is nearly zero, indicating that during 
the time window of the experiment the nitrile probe can exhaustively sample, statistically 
speaking, all possible environments. This is consistent with the notion that the spectral 
diffusion of the nitrile probe in pure water is dominated by water H-bonding dynamics, 
which occur on the timescale of 1−3 ps.
319
 Furthermore, and perhaps more interestingly, 
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adding TMAO to the peptide solution leads to a significant increase in the static 
component, which indicates that TMAO not only broadens the frequency distribution of 
the C≡N stretching vibration (Figure 5.1), but also “freezes” a certain number of motions 
leading to vibrational frequency fluctuations. As shown in Table 5.1, although urea 
exhibits a similar effect, the net influence, in comparison with that of TMAO at the same 
concentration, is much smaller. Garcia and coworkers
320
 have shown that the osmotic 
pressure of TMAO exhibits a positive deviation from its ideal value, whereas that of urea 
shows a negative deviation. Thus, a more rigorous comparison between the effects of 
TMAO and urea would require measurements on TMAO and urea samples that have 
identical osmotic pressures. 
5.4.2 Linear IR and 2D IR Spectra of HP35 Mutants. 
 To confirm that the conclusions reached above are not limited to short peptides, 
we also performed similar experiments on two PheCN mutants of a well-studied helical 
protein, HP35.
321-322
 The first variant corresponds to a Phe76/PheCN mutation at the C 
terminus of the protein (referred to as HP35-P76), wherein the PheCN residue is exposed 
to solvent. Because several studies have suggested that protecting osmolytes, such as 
TMAO, could directly interact with aromatic sidechains
22
, the second mutant we chose to 
study contains a Phe58/PheCN mutation at the core of the protein (referred to as HP35-
P58). Because the PheCN residue in HP35-P58 is, to a large extent, buried in a 
hydrophobic environment
308,322-323
, it is unlikely that TMAO will show any direct 
interactions with the nitrile probe. Thus, results obtained from both mutants will allow us 
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to gain a more complete assessment of the effect of TMAO on protein stability. 
Unfortunately, we found that HP35 readily aggregates even in 1 M TMAO, which 
prevented us from making a direct evaluation of the effect of TMAO on the C≡N 
stretching vibration of both HP35 variants. To circumvent this problem, we evaluated the 
effect of TMAO in the presence of urea, which is known to help solubilize the protein. 
Specifically, we used a solution condition that was used in the study of GFCNG, i.e., 
TMAO/urea (3 M/3 M). As indicated, both the linear and 2D IR spectra of HP35-P76 
(Figure 5.5a, 5.4a and Table 5.3) show that the cosolvent-induced changes in the spectral 
and dynamic properties of the C≡N stretching vibration of HP35-P76 are very similar to 
those observed for the GFCNG peptide under the same solution conditions. For example, 
the 2D lineshape, at T = 500 fs, obtained in pure water is distinctly more circular than that 
measured in the presence of cosolvent. A more quantitative analysis using the method 
discussed above reveals that the cosolvent-induced spectral property changes in this case 
are similar to those obtained with GFCNG (Table 5.3), indicating that the findings for 
GFCNG, in terms of the effect of TMAO, are not unique to short peptides, but rather are 
generally applicable to proteins. Similar to that observed for HP35-P76, addition of the 
same cosolvent mixture results in a shift of the C≡N stretching frequency of HP35-P58 to 
lower wavenumbers (Figure 5.5b and Table 5.3). However, the CLS of HP35-P58 
obtained from its 2D IR spectra (Figure 5.5b) in water shows a slower decay and also a 
significant offset (Figure 5.6 and Table 5.3). This is consistent with the study of Fayer 
and coworkers,
308,322-323
 which showed that the frequency fluctuation dynamics of the 
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C≡N probe inside the hydrophobic core of HP35 are slowed down. However, addition of 
TMAO/urea (3 M/3 M) leads to a further increase in the amplitude of this offset (Figure 
5.6), indicating that the nitrile probe samples a more slowly varying or rigid 
environment.
323
 Because, in this case, the PheCN residue is unlikely to directly interact 
with cosolvent molecules, this increase in protein rigidity thus most likely arises from the 
TMAO-induced crowding effect, as discussed above. 
 
5.5 Discussion 
 The current view on how TMAO and urea affect protein stability has been 
recently reviewed by Canchi and García.
324
 Owing to various quantitative 
thermodynamic measurements, such as vapor pressure osmometry,
35,325-326
 volumetric 
measurements,
327
 and equilibrium dialysis,
328
 we now know a great deal about why urea 
and TMAO act differently. Urea’s protein denaturation effect is generally believed to 
arise from the molecule’s tendency to accumulate around both the protein backbone and 
sidechains, owing, for example, to a stronger dispersion interaction between urea and the 
protein backbone,
246
 which preferentially stabilizes the unfolded state. However, TMAO 
molecules are found to be excluded from various protein backbone and sidechain units, 
thus destabilizing the unfolded state.
320
 Moreover, many studies have shown that both 
TMAO and urea can alter the structure and dynamics of the H-bonding network of water, 
thus resulting in a change in protein stability.
249
 Although previous studies have 
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significantly enhanced our understanding of the mechanisms by which TMAO/urea 
increase/decrease protein stability, especially from a thermodynamic point of view, many 
important microscopic details have yet to be revealed or verified by experiments. Herein, 
we use linear and nonlinear IR measurements to directly probe, from a sidechain’s 
perspective, how TMAO and urea affect the H-bonding dynamics of water at the protein–
solvent interface. 
 Two key findings that emerged from the current study are worthy of further 
discussion. First, the spectral diffusion data of the C≡N stretching vibration clearly show 
that addition of either urea or TMAO makes the local H-bonding environment fluctuate 
faster (i.e., the smaller time constant of the Kubo term in Table 5.2). This picture is 
consistent with our early observation that TMAO and urea can weaken the H-bond 
strength between the nitrile probe and water molecules.
174
 It is obvious that a weakened 
H-bonding interaction will result in a shallower potential energy surface along the H-
bond coordinate, thus making the diffusion dynamics along this coordinate faster (at the 
same temperature). In addition, weakening the H-bonding interactions will lead to a 
smaller vibrational energy splitting, which, in turn, would lead to a smaller contribution 
to the total FFCF amplitude by the corresponding H-bonding dynamics, as observed (A in 
Table 5.2 and Δ
2
 in Table 5.1). Furthermore, we can rule out the possibility that the 
observed changes in the H-bonding dynamics arise from an increase in viscosity (e.g., 6 
M urea increases the solution viscosity by only 40%), because Kubarych and coworkers 
have recently shown that increasing bulk viscosity slows down spectral diffusion.
329
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Because water always competes, whenever possible, with a protein’s intrinsic H-bonding 
donors/acceptors to form additional H bonds with, for example, the backbone amides, the 
decreased strength of H bonds involving water would preferentially destabilize the 
unfolded state of proteins, where more amide units are exposed to the solvent. Thus, this 
is an important finding because it provides, to the best of our knowledge, the first 
experimental evidence indicating that TMAO can enhance protein stability by attenuating 
the strength of H bonds formed between protein polar groups and water. Interestingly, 
our IR measurements suggest, although to a lesser degree in comparison with TMAO, 
that urea can also weaken the H-bonding ability of water with proteins.
174
 At first glance, 
this finding seems to be inconsistent with the denaturing role of urea. However, upon 
consideration of the fact that urea, unlike TMAO, shows preferential accumulation in the 
vicinity of protein backbones and sidechains
22
, this result provides strong evidence in 
support of the notion that urea’s ability to denature proteins does not arise from its effect 
on the structure of water, but is instead achieved through a more direct mechanism. This 
conclusion is in agreement with that reached by Pielak and coworkers
288
, who showed 
that there is no correlation between a solute’s impact on water structure and its effect on 
protein stability. 
 The second major finding is that the static component (Δ2s) in the FFCF, which is 
absent (or insignificant) in pure water, increases significantly upon addition of TMAO. 
This static component, together with the aforementioned Kubo term, determines the 
inhomogeneous broadening of the C≡N stretching vibration. Thus, the fact that TMAO 
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increases the amplitude of Δ2s provides strong evidence indicating that it either slows 
down the peptide’s conformational motions, creates new and slowly moving 
conformational states that are not populated in pure water, or both. This picture is entirely 
consistent with the NMR study of Loria and coworker
330
, which showed that TMAO can 
significantly rigidify the protein backbone, and with the simulations of Thirumalai and 
coworkers
62
, which demonstrated that TMAO can act as a nano-crowder, thus increasing 
protein stability via the excluded volume effect. Despite this consistency, we note that a 
study by Qu and Bolen
331
 indicated that the efficacy of the macromolecular crowding in 
forcing proteins to fold may be modest and may also depend on the crowding agents. 
Thus, it would be very useful if new experiments can be designed to directly quantify the 
crowding efficacy of TMAO. 
 Taken together, the effect of TMAO on the Kubo and static terms of the FFCF of 
the nitrile probe provides insights into the mechanism of action of TMAO in increasing 
the stability of proteins. Primarily, our results indicate that the protein stabilizing ability 
of TMAO arises from both enthalpic and entropic contributions. The enthalpic factor 
results from a decreased H-bonding ability of water, whereas the entropic factor stems 
from the crowding effect of TMAO; both act to destabilize the unfolded state ensemble. 
Because the tripeptide used in the current study is relatively small, it is possible to use 
molecular dynamics simulations
28,246,332
, in conjunction with vibrational frequency 
calculations
84
, to directly calculate the FFCFs of the nitrile probe under different 
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cosolvent conditions and to provide further molecular insights. We hope that the current 
study will inspire new computational efforts in this regard. 
5.6 Materials and Methods 
5.6.1 Sample Preparation.   
 Reagent-grade urea and TMAO were purchased from Aldrich (Saint Louis, MO) 
and used as received. Fmoc-PheCN-OH was purchased from Bachem Americas (Torrance, 
CA). Syntheses of GFCNG, HP35-P76 and HP35-P58 were carried out on a PS3 peptide 
synthesizer (Protein Technologies), purified by reverse-phase high-performance liquid 
chromatography, and verified by mass spectrometry. HP35-P76 is a double mutant of 
HP35 with Trp64 and Phe76 replaced by 7-azatryptophan (7AW) and PheCN, 
respectively. HP35-P58 is also a double mutant of HP35 where Phe58 is replaced with 
PheCN and Trp64 is mutated to 7AW. Peptide and protein solutions were prepared by 
dissolving lyophilized GFCNG, HP35-P76 or HP35-P58 samples in either Millipore water 
or aqueous solutions of urea and/or TMAO, as indicated. The concentration of GFCNG 
was 50-80 mM and the concentrations of HP35-P76 and HP35-P58 were 8-12 mM, as 
determined optically using the molar extinction coefficients at 280 nm of 850 cm
–1
M
–1
 
for GFCNG and 6820 cm
–1
M
–1
 for both HP35 variants. No signs of aggregation were 
observed based on the amide I′ bands of GFCNG and HP35 variants in neat D2O at the 
same concentrations. 
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5.6.2 Linear and 2D IR Measurements. 
 The home-made IR sample holder consists of two CaF2 windows and a 25 m 
Teflon spacer. FTIR spectra were collected at a resolution of 1 cm
–1
 on a Magna-IR 860 
spectrometer (Nicolet, WI). The details of the 2D IR instrument have been described 
elsewhere.
303
 Briefly, three femtosecond IR pulses (k1, k2, and k3) were focused on the 
sample to induce a third order response (photon echo), which was heterodyned by a 
fourth IR pulse (the local oscillator), dispersed by a monochromator, and detected with a 
64-pixel array detector (Infrared Associates). Rephasing and nonrephasing data were 
collected by scanning the time delay (τ) between k1 and k2 from -6 to +6.5 ps at 2 fs 
intervals. The waiting time (T) between pump (k1/k2) and probe (k3) pulses was varied 
from 0 to 6 ps. The final spectrum, S (ωτ, T, ωt), was obtained from three Fourier 
transforms of S (τ, T, λ), and only the real part of the result was shown. In addition, no 
background subtraction was made, as the signals from the solvent were found to not 
appreciably affect the 2D lineshape of the nitrile probe. Finally, the isotropic transient 
grating experiment was performed using the same 2D IR photon echo setup where the 
delay (τ) was set to zero. 
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Table 5.1 Spectroscopic parameters and lifetimes (T1) of the C≡N stretching vibration of 
GFCNG in different solvent conditions. 
 ω0  
(cm
-1
) 
FWHM 
(cm
-1
) 
T1  
(ps) 
Γ 
(cm
-1
) 
Δ 
(cm
-1
) 
Δs 
(cm
-1
) 
PheCN* 2236.3 12.2 4.5 5.8±0.1 2.0±0.1 - 
H2O 2236.3 10.4 4.2±0.1 5.8±0.1 2.1±0.2 0 
6M Urea 2234.7 11.2 4.0±0.2 5.2±0.2 1.8±0.1 1.0±0.2 
1M TMAO 2236.0 10.6 4.1±0.2 5.1±0.2 1.7±0.1 1.2±0.2 
TMAO/Urea 
(3M/3M) 
2234.2 13.3 3.8±0.2 5.0±0.2 2.0±0.2 2.2±0.1 
6M TMAO 2232.3 13.4 3.9±0.2 4.8±0.2 2.0±0.2 2.9±0.3 
*The PheCN parameters are taken from reference
308
, which were measured in water. 
The center frequency (ω0) and width (FWHM) were determined by fitting the linear IR 
spectra to a Gaussian function. The T1 values were determined by fitting the isotropic 
transient grating signals to an exponential function. Other lineshape parameters were 
obtained by fitting the C≡N stretching bands in Figure 5.1 to Equation 5.2 to Equation 
5.4.   
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Table 5.2  Parameters obtained from fitting the CLS curves in Figure 5.3 to Equation 5.1. 
 
A τ (ps) B 
H2O 0.26 ± 0.02 2.17 ± 0.43 0.01 ± 0.02 
6M Urea 0.20 ± 0.01 1.44 ± 0.30 0.15 ± 0.30 
1M TMAO 0.22 ± 0.02 1.30 ± 0.43 0.18 ± 0.02 
TMAO/Urea 
(3M/3M) 
0.31 ± 0.02 1.85 ± 0.39 0.24 ± 0.02 
6M TMAO 0.18± 0.02 1.46 ± 0.43 0.51 ± 0.02 
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Table 5.3 Spectroscopic parameters obtained from fitting the C≡N stretching bands of 
HP35-P76 and P58 in Figure 5.4, fit to Equation 5.2 to Equation 5.4. 
 
 
ω0 
(cm
-1
) 
FWHM 
(cm
-1
) 
Γ 
(cm
-1
) 
Δ 
(cm
-1
) 
Δs 
(cm
-1
) 
HP35-P76      
H2O 2235.1 10.8 5.6 ± 0.4 1.9 ± 0.3 0.4 ± 0.3 
TMAO/Urea (3M/3M) 2233.4 13.8 5.1 ± 0.4 2.2 ± 0.3 2.3 ± 0.4 
HP35-P58      
H2O 2234.2 13.4 4.8 ± 0.6 4.0 ± 0.4 2.0 ± 0.4 
TMAO/Urea (3M/3M) 2232.1 14.0 4.2 ± 0.4 2.3 ± 0.4 4.1 ± 0.6 
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Figure 5.1 The C≡N stretch bands of GFCNG obtained under different solvent conditions, 
as indicated. The solid lines are fits of these spectra to the linear response function using 
Equation 5.2 to Equation 5.4 in the text and the resulting fitting parameters are listed in 
Table 5.1. The structures of urea and TMAO are shown as insets.  
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Figure 5.2 Representative absorptive 2D IR photon echo spectra of GFCNG obtained 
under different solvent conditions and at different waiting times (T), as indicated.  
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Figure 5.3 CLS versus T plots of GFCNG obtained under different solvent conditions, as 
indicated. The solid lines are fits of these data to Equation 5.1with those fitting 
parameters listed in Table 5.2.  
102 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Normalized FTIR Spectra of a) HP35-P76 and b) HP35-P58 obtained in water 
and a mixture of TMAO/Urea (3M/3M), as indicated. Fitting these spectra to a Gaussian 
function (smooth line) yielded the spectroscopic parameters listed in Table 5.3. Also 
shown is the location of the PheCN residue, generated using VMD based on the NMR 
structure of HP35 (PDB code: 1VII). 
 
  
a) b) 
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Figure 5.5 Pure absorptive 2D IR photon echo spectra of a) HP35-P76 and b) HP35-P58 
obtained at T = 500 fs and in water and in TMAO/Urea (3M/3M). Pure absorptive 2D IR 
photon echo spectra of HP35-P58 obtained at T = 500 fs and in water and in TMAO/Urea 
(3M/3M).   
a) 
b) 
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Figure 5.6 CLS versus T plots of HP35-P76 and HP35-P58 obtained under different 
solvent conditions, as indicated. The solid lines are fits of these data to Equation 5.1 with 
those fitting parameters listed in Table 5.3. The relatively large uncertainties in the CLS 
data and the apparent asymmetric 2D lineshape in the spectra (Figure 5.5) are due to 
distortions from background noise, because the absorbance of the nitrile group in these 
experiments was relatively low (∼2 mOD). 
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6 Ester Carbonyl Vibration as a Sensitive Probe of Protein Local Electric Field 
6.1 Abstract 
 The ability to quantify the local electrostatic environment of proteins and 
protein/peptide assemblies is key to gaining a microscopic understanding of many 
biological interactions and processes. Herein, we show that the ester carbonyl stretching 
vibration of two non-natural amino acids, l-aspartic acid 4-methyl ester and l-glutamic 
acid 5-methyl ester, is a convenient and sensitive probe in this regard, since its frequency 
correlates linearly with the local electrostatic field for both hydrogen-bonding and non-
hydrogen-bonding environments. We expect that the resultant frequency–electric-field 
map will find use in various applications. Furthermore, we show that, when situated in a 
non-hydrogen-bonding environment, this probe can also be used to measure the local 
dielectric constant (ε).  
 
6.2 Introduction 
 Electrostatic interactions are ubiquitous in biological molecules and, in many 
cases, play a key role in molecular association and enzymatic reactions.
81,333
 However, 
quantification of the local electric field or how it changes inside a protein, especially in a 
site-specific manner and/or as a function of time, still remains a challenging task. One 
promising method in this regard is vibrational Stark spectroscopy,
259
 which capitalizes on 
the intrinsic dependence of vibrational transitions on the local electrostatic environment. 
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This method is based on the use of an infrared (IR) probe that has a well-defined, 
localized vibrational mode to sense the amplitude of the local electric field through the 
frequency response.
334
 For example, the vibrational Stark effect has been used to 
determine the local electric field at protein interfaces and to monitor protein 
conformational transitions and dynamics.
76,323,335-336
 Although the theoretical 
underpinning of this methodology is straightforward, in practice the application of 
vibrational Stark spectroscopy to biological systems is currently limited by the 
availability of suitable vibrational probes. Herein, we show, by the use of linear and 
nonlinear IR spectroscopic measurements and molecular-dynamics (MD) simulations, 
that the ester carbonyl vibration in two non-natural amino acids can be used to 
quantitatively and site-specifically probe the electric fields of proteins, including those 
arising from hydrogen-bond (H-bond) interactions. 
 The utility of a vibrational probe to reliably and conveniently measure local 
electric fields in proteins is evaluated by how well it meets several criteria. First and 
foremost, its frequency must show a sensitivity to and quantifiable dependence on the 
local electric field. Also, a chemical or biological method must exist to incorporate the 
probe into a protein. Furthermore, it must minimally perturb the native chemical and 
structural environment of interest. Finally, its vibration must be a localized mode with a 
large cross-section and, ideally, be located in an uncongested region of the IR spectrum 
of proteins (e.g., 1700–2400 cm
−1
). 
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 For naturally occurring proteins, the amide I vibration arising from backbone 
amide units offers the largest IR intensity (molar extinction coefficient: ca. 800 M
−1
 cm
−1
) 
and shows a strong dependence on the local electrostatic environment, such as hydration. 
As a result, it has been widely used to investigate protein conformational 
transitions.
138,181,337-339
 However, the amide I transition is generally delocalized and also 
contains contributions from other vibrational modes, thus making its use as a stand-alone 
probe of local electric field rather challenging. One viable strategy to overcome this 
limitation is to incorporate a single carbonyl group (C═O) into an amino acid side chain. 
A computational study by Choi and Cho predicted that the stretching mode of such a 
carbonyl group is not only localized, but its frequency also varies linearly with the 
electrostatic field for both H-bonding and non-H-bonding environments,
84
 thus making it 
an ideal candidate for the aforementioned applications. Indeed, Boxer and co-workers
340
 
recently showed that the C═O stretching frequency of p-acetyl-L-phenylalanine (p-Ac-
Phe) can serve as a reporter of the local electrostatic field of proteins. However, this 
vibrational transition (at ca. 1673 cm
−1
) overlaps with the protein amide I band, and thus 
its application requires careful background subtraction by using the wild-type protein. To 
circumvent this inconvenience, we propose the use of the C═O stretching vibration of an 
ester moiety as an alternative probe. Previous studies
341-342
 have shown that the ester 
carbonyl group absorbs in a spectral region (1700–1800 cm
−1
) in which no other protein 
IR bands are present at a neutral pH value,
103
 except those arising from protonated 
carboxylic groups.
343
 Specifically, we tested the utility of two ester-containing non-
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natural amino acids, l-aspartic acid 4-methyl ester (hereafter referred to as DM) and l-
glutamic acid 5-methyl ester (hereafter referred to as EM). Although, to the best of our 
knowledge, DM and EM have not previously been introduced in proteins, we expected that 
it would not be a challenging task, as other ester-containing side chains have been 
successfully incorporated into proteins by genetic methods.
203,344
 
 
6.3 Experimental Section 
6.3.1 Sample Preparation 
 Methyl acetate (acetic acid methyl ester, MA) and methyl propionate (propanoic 
acid methyl ester, MP) were purchased from Acros Organics (Fair Lawn, NJ) and used as 
received. Fmoc-L-Asp(Me)-OH was purchased from Chem-Impex International Inc. 
(Wood Dale, IL) and Fmoc-L-Glu(Me)-OH was purchased from Santa Cruz 
Biotechnology Inc. (Fmoc=9-fluorenylmethoxycarbonyl). Peptides were synthesized by 
the use of standard Fmoc solid-phase methods on a PS3 peptide synthesizer from Protein 
Technologies (Tucson, AZ).  
6.3.2 Spectroscopic Measurements 
 All Fourier transform infrared (FTIR) spectra were collected on a Thermo Nicolet 
Magna 860 FTIR spectrometer at 1 cm
-1 
resolution equipped with a MCT detector at 25 
ºC. The home-made IR sample holder consists of two CaF2 windows and a 52 μm Teflon 
spacer divided into two compartments, one containing the sample solution and the other 
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containing only the solvent (i.e., reference). A motorized translation stage was used to 
alternately move the sample and reference sides of the sample holder in and out of the IR 
beam; each time a single-beam spectrum, corresponding to an average of 8 scans was 
collected for both the sample (IS) and reference (IR) sides; and the absorption spectrum of 
the solute, Ss(), was then calculated using SS() = log(IR/IS). The final reported result 
corresponds to an average of 32 such spectra and contains the absorbance of the solute 
only.
268,345
 
 2D IR spectra were collected using a setup that has been described in detail 
previously.
346
 Briefly, three femtosecond IR pulses (k1, k2, and k3) were brought to focus 
in the sample to induce a third order response (photon echo), which was heterodyned 
with the local oscillator, dispersed by a monochromator, and detected with a 64-element 
IR array detector. Rephasing and nonrephasing data were collected by scanning the time 
delay (τ) between k1 and k2 from -6 to +6.5 ps at 2 fs intervals. The waiting time (T) 
between pump (k1/k2) and probe (k3) pulses was varied from 0 to 6 ps. The final 
spectrum, S(ωτ, T, ωt), was obtained from a double Fourier transform of S(τ, T, λ). For 
the current study only the real part of the result at T = 0 was shown.  
6.3.3 Molecular Dynamic Simulations 
 MD simulations were performed using the molecular dynamics program 
NAMD2.7
347
 and force field parameters from CHARMM22
348
 and CGenFF 
CHARMM36 v. 2b7 for Small Molecule Drug Design.
349
 Specifically, the solute of 
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interest was first immersed in a 35 Å cubic box containing 125 solvent molecules. 
Following an initial 1 ns equilibration run at 298 K and 1 atm in the NPT ensemble, a 
production run of 10 ns at 298 K in the NVT ensemble was carried out. The trajectory 
was saved every 500 fs, which resulted in 20,000 frames for each simulation. The 
subsequent EF calculation was performed using the VMD package.
350
  
 
6.4 Results and Discussion 
 As a quantitative assessment of the electric-field dependence of the ester carbonyl 
stretching vibrations of DM and EM, we first performed detailed vibrational 
solvatochromism studies on the respective side-chain mimics, methyl acetate (MA) and 
methyl propionate (MP). We chose MA and MP in these experiments, instead of the non-
natural amino acids, because the model compounds are soluble in a wide range of polar 
and nonpolar solvents. The ester carbonyl stretching frequencies of MA and MP 
exhibited a strong dependence on the chosen solvent, ranging from hexane, an aprotic 
solvent with a very low dielectric constant (1.89 at 20 °C), to water (Figure 6.1; see also 
Table 6.1). For example, when the solvent was changed from hexane to DMSO, the 
center frequency of MA was red-shifted by 18.1 cm
−1
, as compared to the 14.4 cm
−1
 shift 
observed for p-Ac-Phe.
340
 The MP in mixtures of D2O and acetonitrile (ACN) solutions 
(Figure 6.2), shows a series of spectra of MP experiencing several non-H-bonding and H-
bonding environments. There is a gradual red shift with increasing water concentration in 
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the water/ACN solution, where a high ACN percentage, the peak arises from a population 
where the ester C═O is non-H-bonded. Additionally, it is important to note the 
dependence of the ester on the pH (Figure 6.3). At pH of 10.0 and above, the well-known 
base-catalyzed hydrolysis of an ester occurs. Thus, these results substantiate the utility of 
these ester carbonyl stretching vibrations as sensitive probes of the local electric field, 
provided that a quantitative relationship between the electric field and frequency can be 
determined. 
 Interestingly, in aprotic solvents the ester carbonyl stretching vibration results in a 
single absorption band, whereas in protic solvents, in which H-bonding between the 
vibrator and solvent is possible, the linear IR spectra contained more than one resolvable 
feature, thus suggesting that differently solvated or H-bonded species are present. Such 
spectral features have also been observed for nitrile and amide modes in protic solvents, 
such as methanol.
55,351
 For example, in D2O the IR spectrum of MA contains to two 
distinct peaks, centered at 1703.6 and 1727.0 cm
−1
, which is consistent with the two-
dimensional IR spectroscopic study of Righini and co-workers.
352
 In agreement with the 
study of Tominaga and co-workers,
353
 the ester carbonyl stretching band of MA in 
methanol consists of three resolvable spectral features, centered at 1748.1, 1729.6, and 
1708.1 cm
−1
. For MP, however, the spectrum obtained in D2O is broad and almost 
featureless. To be able to better discern the underlying spectral contributions, we further 
carried out 2D IR spectroscopic measurements on MP in D2O and methanol. The 2D IR 
spectrum indicates that under the linear IR profile of MP in D2O, two peaks, at 1703.1 
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and 1721.1 cm
−1
, are present and represent two distinct species (Figure 6.4). With this 
information at hand, we then tried to determine how the ester C═O stretching frequencies 
of MA and MP vary with the local electric field.  
6.4.1 Dependence on the Onsager Field 
 The Onsager reaction field model
 
offers a convenient way to quantitatively 
describe the solvent-induced vibrational frequency shift of a solute molecule. The model 
consists of a spherical cavity in a continuous dielectric. The point dipole is situated in the 
center of the cavity. The calculated reaction field includes the potential in the cavity due 
both to the dipole itself and to the interaction of the dipole with the surrounding 
dielectric. 
i
Onsager
1
i )cm( F
         Equation 6.1 
where i is the vibrational frequency of interest determined in solvent i and 
i
OnsagerF  is the 
Onsager field of this solvent, which is defined as: 
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      Equation 6.2 
where ε is the dielectric constant of the solvent, n is the refractive index of the solute, and 
μ0 is the permanent dipole moment of the solute molecule in the gas phase. The constant 
a is the Onsager cavity radius, which is related to the molecular volume of the solute 
molecule. In the current study, the following parameters were used: n(MA) = 1.361 and 
113 
 
n(MP) = 1.376 at 20 °C, a
3
(MA) = 132 Å
3
 mol
-1
 and a
3
(MP) = 160 Å
3
 mol
-1
, μ0(MA) = 
1.9536 D and μ0(MP) = 1.7975 D (These gas-phase dipole moment parameters were 
calculated using DFT and the basis set B3LYP/6-31+G**). As shown (Figure 6.5), 
Equation 6.2 provides a satisfactory description of the vibrational frequencies obtained in 
aprotic solvents. As discussed in the main text, the frequency-Onsager field relationship 
thus obtained can be used to estimate the local dielectric constant of proteins.  
 This commonly used Onsager reaction field model
354
 described fairly well the 
trend observed with aprotic solvents (Figure 6.5a), consistent with the study of Asbury 
and co-workers,
355
 but failed to predict the frequency shifts induced by protic solvents 
(see Figure 6.5b). However, as shown (Figure 6.5b), Equation 6.1 is unable to describe 
the solvent-induced frequency shift of the ester carbonyl stretching vibration when all 
solvents are considered. This is expected, as the Onsager model does not account for 
specific electrostatic interactions, such as H-bonding, thus it is not applicable for protic 
solvents. 
6.4.2 Electric Field Calculations from MD simulations 
 Therefore, following the work of Boxer and co-workers,
356
 we used MD 
simulations to directly quantify the electric field experienced by the ester carbonyl 
vibration and to help assign the two C═O stretching bands observed in protic solvents 
(Figure 6.6). Briefly, for aprotic solvents the electric field was directly calculated by 
averaging the values obtained from about 20,000 frames from each MD simulation, 
whereas for protic solvents, because of the possibility of different H-bonding patterns, we 
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first divided the frames from each MD simulation into different clusters, according to a 
set of geometric criteria for H-bond formation, and then calculated the average electric 
field for each cluster. 
 For each aprotic solvent, the average local EF experienced by the ester C═O was 
calculated using the corresponding MD results and the method of Boxer and 
coworkers.
340
 Specifically, for a given MD frame, the net electric fields on the carbonyl C 
and O atoms (EC and EO), arising from all solvent partial charges within a sphere of 20 Å 
radius, were first determined. Afterwards, the average electric field ( E ) along the 
carbonyl bond was calculated using: OC EEE  . Finally, the ensemble averaged 
electric field,  E , was obtained by averaging values of E  obtained from all MD frames. 
The results obtained for all aprotic solvents are summarized in Table 6.1. 
 For protic solvents, differently H-bonded ester C=O species are present. Thus, 
before calculating the EF, additional analysis was required to separate the MD frames 
into clusters, each of which corresponds to a specific H-bonding pattern. Specifically, we 
used the VMD H-bond plugin
357
 to sort MD frames according to the following geometric 
H-bonding criteria: the donor-hydrogen-acceptor angle (<40˚) and distance (<3.2 Å) for 
the ester carbonyl (O
1
) and a shorter distance (<2.6 Å) for the ester oxygen (O
2
). 
Afterwards, the  E  of each cluster was evaluated using the method described above. As 
shown (Figure 6.6), in methanol the MD frames for both MA and MP can be divided into 
three groups according to the number of H-bonds formed between the ester C=O and the 
solvent, i.e., 2 H-bonded ester C=O (8%), 1 H-bonded ester C=O (60%), and non-H-
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bonded ester C=O (32%). This distribution is consistent with the IR spectra of MA and 
MP obtained in methanol, which contain two main bands and a shoulder that are well 
separated. As expected (Table 6.1), the H-bonded ester carbonyls experience a larger 
local electric field compared to non-H-bonded species. For water, the situation becomes 
more complicated as water can also form H-bonds with O
2
 (Figure 6.6), however the 
relative percentages of these species, which serve to broaden the IR band, are small. 
Thus, for both MA and MP in water, only the electric fields of the two major species are 
reported in Table 6.1. 
6.4.3 Ester Carbonyl Assignments 
 For MA in water, the majority of the carbonyl groups form either one (51 %) or 
two H-bonds (44 %) to water (Figure 6.6). Thus, we propose that the two peaks observed 
in the linear IR spectrum arise predominantly from these two species. Because the H-
bonding of water to a carbonyl group induces a redshift in the carbonyl stretching 
vibration, we attribute the lower-frequency component to the doubly H-bonded species 
and the higher-frequency peak to the singly H-bonded species. Furthermore, the 
percentages of the lower- and higher-frequency components of the C═O stretching 
vibration of MA in D2O (Figure 6.1), as calculated on the basis of the integrated peak 
areas, are 55 and 45 %. This result provides further evidence in support of the above 
assignment. MD simulations revealed the existence of less-populated but differently H-
bonded species, which were assumed to contribute to the broad width of the spectrum. A 
similar observation and assignment was made for MP in water. For both compounds in 
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methanol, the majority of the carbonyl groups were found to be either non-H-bonded or 
singly H-bonded, with relative percentages in agreement with the ratio of the integrated 
areas of the two IR peaks. Thus, we assigned the two major IR bands to these species, 
with the H-bonded carbonyl groups vibrating at a lower frequency. For MA, a minor 
band at approximately 1710 cm
−1
 is clearly observable. On the basis of MD simulations, 
this band was attributed to doubly H-bonded carbonyl groups. Finally, the width of the 
calculated electric-field distribution for each differently solvated species shows a 
correlation with the corresponding spectral width of the C═O stretching vibration (see 
Figure 6.7), thus suggesting that the MD simulations are able to exhaustively sample the 
heterogeneous electrostatic environments of the probe. 
 The center frequencies of the ester carbonyl stretching vibrations of MA and MP 
show a linear dependence on the calculated electric field for both protic and aprotic 
solvents (Figure 6.8), thus indicating that an ester moiety, such as that in DM and EM, 
could be used to quantitatively determine the local electrostatic field of proteins by the 
use of this frequency–field map. 
6.4.4 Ester in Peptide Environment 
 To demonstrate the utility of this ester vibrational mode in biological applications, 
we first used DM and EM to probe the local electrostatic and/or hydration environment of 
two short peptides, Ac-YDMK-NH2 (hereafter referred to as DM-P) and Ac-YEMK-NH2 
(hereafter referred to as EM-P). The ester carbonyl stretching bands of these peptides in 
D2O indicate, when compared to those of MA and MP, that the population of the doubly 
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H-bonded species (i.e., the spectral intensity at ca. 1705 cm
−1
) is significantly decreased 
(Figure 6.9). This result is not surprising as, in comparison to their respective model 
compounds, the side chains of DM and EM are expected to be situated in a more crowded 
environment, thus limiting the accessibility of water molecules to the ester carbonyl 
group and hence decreasing the probability of the formation of two H-bonds. 
Furthermore, and perhaps more convincingly, EM-P, the ester carbonyl group of which is 
expected to be further extended into the solvent than that of DM-P, shows a smaller 
decrease in this regard. Thus, these results provide further validation of the sensitivity of 
the C═O stretching vibration of the ester moiety to its local electrostatic environment. In 
support of this notion, Xie and co-workers have shown that the native structural 
analogues of DM and EM, that is, the protonated carboxylic acid side chains of Asp and 
Glu, can be used to sense H-bond formation in proteins.
343
 The spectra of these two 
peptides in DMSO and methanol also support this notion. For example, in DMSO the 
center frequency of the ester C═O stretching band of EM-P is red-shifted by 3.4 cm
−1
 
from that of MP, whereas that of DM-P is similar to that of MA. This redshift results from 
the addition of the peptide environment around the vibrational probe. Besides the solvent-
induced electric field, the ester carbonyl group will also experience electrostatic forces 
arising from the peptide backbone and other amino acid side chains, thus making the 
vibrational frequency dependent on the position of the amino acid in the peptide. In other 
words, the redshift observed for EM-P is most likely due to the closer (as compared to 
DM-P) proximity between the ester carbonyl group and the polar amine group of the 
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lysine side chain. The observed non-hydrogen-bonded peaks of these peptides in 
methanol also corroborate this picture (Figure 6.9). Thus, these results demonstrate the 
ability of the ester carbonyl stretching vibration to sense minimal changes in its local 
electrostatic environment. 
 
6.5 Conclusion 
 In conclusion, we have established that the ester carbonyl stretching frequencies 
of two non-natural amino acids, l-aspartic acid 4-methyl ester (DM) and l-glutamic acid 5-
methyl ester (EM), show a linear dependence on the local electric field and, thus, can be 
used to quantify, in a site-specific manner, the local electrostatic environment of proteins. 
In comparison to commonly used nitrile-, azide-, and CD-based IR probes,
116,145,177-
178,180,205,358-363
 the ester carbonyl stretching vibration offers one distinct advantage: its 
large dynamic range makes it more useful for probing small changes in the local electric 
field. For example, it is sensitive enough to probe the difference in the electric fields 
between two points in a peptide environment that are separated by a single methylene 
unit. Furthermore, the size of DM is similar to that of asparagine, aspartic acid, and 
leucine, whereas the size of EM is similar to that of glutamine and glutamic acid. Taken 
together, these attributes of DM and EM suggest that they are two of the most promising 
local electrostatic IR probes of proteins. We have also devised a new method that enables 
the determination of the local dielectric constant of proteins. Because the C═O stretching 
119 
 
vibration of esters is also Raman-active,
364
 we expect that the frequency–field 
relationships devised herein can also be used to study relevant biochemical and 
biophysical problems in conjunction with techniques based on Raman spectroscopy.
365
 
6.6 Original Publication 
 This Chapter has been adapted and reprinted from Angewandte Chemie 
International Edition, Ileana M. Pazos, Dr. Ayanjeet Ghosh, Prof. Dr. Matthew J. Tucker, 
and Prof. Dr. Feng Gai, (2014) 53, 24 6080–6084. DOI: 10.1002/anie.201402011, with 
permission from John Wiley and Sons. 
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Table 6.1. Summary of the center frequencies and electric fields of MA and MP in 
different solvents.  
 MA / MP 
 
Center Frequency 
(cm
-1
) 
Electric Field  
(MV cm
-1
) 
Standard 
Deviation 
Hexane 1755.9 / 1751.8 -0.8 / -0.7 0.7 / 0.8 
Diethyl Ether 1751.2 / 1747.8 -4.9 / -4.5 1.4 / 1.8 
Acetonitrile (ACN) 1742.0 / 1738.8 -11.4 / -10.4 2.3 / 2.6 
DMSO 1738.2 / 1736.0 -14.0 / -13.2 3.5 / 3.8 
d₄-Methanol (non-H-bonded) 1748.1 / 1744.7 -8.6 / -7.7 5.4 / 5.3 
d₄-Methanol (1-H-bonded) 1729.6 / 1724.6 -22.9 / -21.2 6.2 / 5.7 
d₄-Methanol (2-H-bonded) 1708.1 / 1709.9 -37.2 / -34.5 7.8 / 5.4 
D2O (1-H-bonded) 1727.0 / 1721.1 -26.3 / -25.3 9.5 / 8.9 
D2O (2-H-bonded) 1703.6 / 1704.9 -40.7 / -36.8 8.1 / 8.0 
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Table6.2. Summary of the full-width at half maximum (FWHM) of the ester C═O IR 
band and standard deviations the calculated electric field (σ E ) of MA and MP in a series 
of solvents. 
 MA / MP 
 FWHM (cm
-1
) σ E  (MV cm
-1
) 
Hexane 
12.0 ± 1.0 / 12.0 ± 0.4 3.1 ± 0.6 / 2.8 ± 0.6 
Diethyl Ether 
14.0 ± 1.0 / 12.5 ± 0.7 4.0 ± 0.8 / 3.4 ± 0.7 
Acetonitrile (ACN) 
12.4 ± 1.2 / 13.6 ± 0.1 5.6 ± 1.1 / 5.7 ± 1.1 
DMSO 
14.3 ± 1.0 / 16.5 ± 0.7 7.0 ± 1.4 / 6.9 ± 1.4 
d₄-Methanol (non-H-bonded) 
12.5 ± 1.5 / 14.0 ± 1.3 5.3 ± 1.1 / 5.1 ± 1.0 
d₄-Methanol (1-H-bonded) 
15.6 ± 1.3 / 17.7 ± 1.0 6.2 ± 1.2 / 5.9 ± 1.2 
D2O (1-H-bonded) 
19.2 ± 1.5 / 32.5 ± 1.6 8.4 ± 1.7 / 8.0 ± 1.6 
D2O (2-H-bonded) 
12.0 ± 1.1 / 28.4 ± 1.3 10.0 ± 1.8 / 8.7 ± 1.7/ 
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Figure 6.1 Normalized FTIR spectra of MA and MP in different solvents, as indicated. 
The concentration of the solute in each case was 20 mM, and normalization is based on 
the integrated area of the band observed in hexane (i.e., the spectra collected in other 
solvents were scaled so that their integrated areas were equal to that observed in hexane). 
For MA in hexane, the peak absorbance was measured to be 0.0715, which corresponds 
to a molar extinction coefficient of 650 M
−1
 cm
−1
.  
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Figure 6.2 Normalized FTIR spectra of MP in mixtures of D2O and acetonitrile. The thick 
purple is MP in acetonitrile while the thick black is MP in D2O. The thinner lines are MP 
in 25, 40, 60, 75, 90 and 95% (v/v) D2O-acetonitrile mixtures. 
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Figure 6.3 Normalized FTIR spectra of MA in of D2O at different pH levels. At or below 
pH 7.0 (black and green lines), the spectra are very similar and are characteristic to the 
spectra of MA in D2O. However, at pH 10.0 (blue line) a new peak at ~1550 cm
-1
 that 
can be assigned to a COO
-
 stretching transition appears. At pH 13.0 (red line), methyl 
acetate reacts to acetic acid via the suggested mechanism. 
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Figure 6.4 2D IR spectra of MP in a) hexane, b) DMSO, c) methanol, and d) water 
collected at zero waiting time (T). It is clear that for MP in hexane and DMSO, there is 
only one resolvable peak, consistent with the linear IR measurements. Similarly, the 2D 
IR spectrum in methanol, which consists of three peaks, is also in agreement with the 
FTIR spectrum. On the other hand, there are three peaks found in the 2D spectrum of MP 
in water. While the two stronger peaks at higher frequencies coincide with those observed 
in the linear IR spectrum, the low frequency transition is due to MP dimerization and thus 
is not discussed in the text.  
a b
c d
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Figure 6.5 The C═O stretching frequencies of MA (circles) and MP (squares) versus the 
Onsager field of the solvent, as indicated. Fitting each data set to a straight line yields 
C═O (cm
-1
) = 4.66 FOnsager + 1766.3 for MA and C═O (cm
-1
) = 5.57 FOnsager + 1761.2 for 
MP.  
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Figure 6.6 Calculated electric field distributions along the ester C═O bond of MA and 
MP in different solvents, as indicated. Calculated distributions of the electric field along 
the ester C═O bond for differently H-bonded species of MA (a & c) and MP (b & d) in 
water and methanol, as indicated.  
0
3000
-30 -20 -10 0 10 -30 -20 -10 0 10
0
1000
-60 -50 -40 -30 -20 -10 0
0
2000
-60 -50 -40 -30 -20 -10 0
-60 -50 -40 -30 -20 -10 0
-60 -50 -40 -30 -20 -10 0
_
Hexane
Ether
ACN
DMSO
128 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Correlation between the spectral width (FWHM) of the ester C=O of MA 
(circles) and MP (squares) is related to the standard deviation of the calculated electric 
field distribution for solvents, as indicated. 
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Figure 6.8 Center frequencies of the carbonyl stretching vibrations of model ester 
compounds versus the calculated local electric field for different solvents MA (circles) 
and MP (squares) are represented by the same colors as those used in Figure 6.1. The 
solid lines are the best fits of these data to the linear equations indicated in the figure.   
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Figure 6.9 FTIR spectra in the ester C═O stretching region of DM-P, MA, EM-P, and MP 
in different solvents, as indicated. The peptide concentration was 2 mM, and in each case, 
the spectrum of the model compound has been normalized with respect to that of the 
corresponding peptide.   
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7 Structural and Dynamic Study of Amyloids using the Ester Probe 
7.1 Introduction 
 Amyloids are self-aggregated long fibrils that are the consequence of misfolded 
proteins.
366
 The accumulation of amyloid fibrils in organs is connected with over twenty 
fatal human diseases such as Alzheimer's, type 2 diabetes, and transthyretin 
amyloidosis.
367-369
 However, for material science, these nanostructures can be useful for 
technological applications since they are known to be strong, flexible, and resistant to 
degradation.
370-371
 Although proteins of different structures and sequences are capable of 
aggregating, the resultant fibrils often have common characteristics and are mostly 
composed of stacked β-sheets perpendicular to the fibril axis. It has been suggested that 
the first step of aggregation is a dehydration process.
372-376
 This is accompanied by the 
formation of the interfaces that include hydrophobic or polar sidechains between tightly 
interdigitated β-sheets, thus they are referred to as a dry interface or a steric zipper.
377-378
  
Both in vitro and in vivo studies have been aimed to understand the structure and 
molecular mechanism(s) of amyloid formation.
379-391
 While various factors, like solvent, 
temperature, pH, concentration, and sequence, play an important role in the structure and 
rate of aggregation,
392-401
 the precise role of water is not fully understood. Therefore, 
while it is unlikely for amyloid fibrils to contain bulk water,
402-403
 there is evidence of 
trapped water molecules.
302
 This can be difficult to detect site-specifically especially 
inside the core of the fibril which are tightly packed. An ideal approach to this problem 
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would be the incorporation of a probe during the aggregation process that is sensitive to 
hydration status.  
 Therefore, a site-specific probe, such as L-aspartic acid 4-methyl ester (DM), 
described in Chapter 6, is an appropriate candidate to study the structure and dynamics of 
amyloids. The objective is to use this IR probe to study key kinetic events in amyloid 
formation, for example dehydration.
404
 It is well known that the amide I’ band is sensitive 
to peptide/protein aggregation
405
 and that it can be utilized to follow the aggregation 
kinetics of several amyloidogenic peptides.
406
 We have shown that the ester C=O 
stretching vibration can be used to monitor the local hydration status. This is because the 
frequency and lineshape of the ester transition is sensitive to the number and strength of 
hydrogen bonds (H-bonds) that are formed between the H-bond donor and the ester 
group. In contrast, the IR signal arising from the ester probe will allow us to monitor the 
aggregation and fibrilization kinetics of these mutants in a site-specific manner. 
Therefore, incorporating the ester probe,
176
 that is sensitive to electric field and hydration, 
into amyloid systems will allow us to obtain structural information and microscopic 
dehydration rate constants which are critical to a quantitative description of the 
mechanism of amyloid formation. 
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7.2 Experimental 
7.2.1 Materials 
 D2O (D, 99.96%) and deuterium chloride (D, 99.5%) were purchased from 
Cambridge Isotope Laboratories (Andover, MA). Fmoc-Lys(4,5-dimethoxy-2-nitro-
benzyloxycarbonyl)-OH, K
*
, was purchased from Anaspec, Inc. (Fremont, CA) and used 
without further purification. Fmoc-protected amino acids were purchased from Advanced 
Chem Tech (Louisville, KY). Rink amide resin was purchased from Novabiochem (San 
Diego, CA). All peptidess were synthesized using a standard fluoren-9-
ylmethoxycarbonyl (Fmoc) chemistry protocol on a PS3 peptide synthesizer from Protein 
Technologies (Tuscon, AZ), and purified by reverse-phase HPLC (1100 series; Agilent 
Technologies, Santa Clara, CA). The identity of the peptides was verified using MALDI-
TOF mass spectrometry (Voyager-DE RP, Applied Biosystems, Foster City, CA). 
7.2.2 Linear IR Measurments 
 All Fourier transform infrared (FTIR) spectra were collected on a Thermo Nicolet 
Magna 860 FTIR spectrometer at 1 cm
-1
 resolution equipped with a MCT detector at 25 
ºC. The home-made IR sample holder consists of two CaF2 windows and a 52 μm Teflon 
spacer divided into two compartments, one containing the sample solution and the other 
containing only the solvent (i.e., reference). A motorized translation stage was used to 
alternately move the sample and reference sides of the sample holder in and out of the IR 
beam; each time a single-beam spectrum, corresponding to an average of 8 scans was 
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collected for both the sample (IS) and reference (IR) sides; and the absorption spectrum of 
the solute, Ss(), was then calculated using Ss() = log(IR/IS). The final reported result 
corresponds to an average of 32 such spectra and contains the absorbance of the solute 
only. 
7.2.3 Attenuated Total Reflectance (ATR) Measurements 
 The ATR IR spectrum of the dry film was collected on a Thermo Nicolet 6700 
FTIR spectrometer using a Harrick Horizon multiple-reflection attachment. The film was 
prepared by spreading 10 μL of a 15 mM aggregated D2O solution over the surface area 
of the Harrick germanium crystal with the specifications of 45º, 50 x 10 x 2 mm (Model 
#EJ2122). The films were dried under a flow of nitrogen for 7 days. An average of 128 
scans was taken with a resolution of 1 cm
-1
. 
7.2.4 Imaging 
 AFM experiments were performed in air at room temperature, using a multimode 
atomic force microscope (Bruker Dimension Icon AFM, Billerica, MA). Five microliters 
of sample solution was applied to a freshly-cleaved mica surface for ∼5 s, rinsed with 
300 μL Millipore water, and subsequently dried with a slow stream of N2 gas. Tapping-
mode imaging was carried out with a silicon probe (TESP) from Veeco (Camarillo, CA). 
Height and deflection images were obtained with a scan rate of 1 Hz. Multiple images 
were obtained for the sample at different locations on the mica substrate. 
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7.2.5 2D IR 
 2D IR spectra were collected using a setup that has been described in detail 
previously.
346
 Briefly, three femtosecond IR pulses (k1, k2, and k3) were brought to focus 
in the sample to induce a third order response (photon echo), which was heterodyned 
with the local oscillator, dispersed by a monochromator, and detected with a 64-element 
IR array detector. Rephasing and nonrephasing data were collected by scanning the time 
delay (τ) between k1 and k2 from -6 to +6.5 ps at 2 fs intervals. The waiting time (T) 
between pump (k1/k2) and probe (k3) pulses was varied from 0 to 6 ps. The final 
spectrum, S(ωτ, T, ωt), was obtained from a double Fourier transform of S(τ, T, λ). 
 
7.3 Results and Discussion 
 Two amyloid systems were chosen for this study, a segment of the β-amyloid 
protein KLVFFAE (i.e., Aβ16–22) and a segment of the transthyretin protein 
YTIAALLSPYS (i.e., TTR105-115). The non-natural amino acid DM was used to 
characterize the electric fields and hydration environments in model amyloid fibrils.  
7.3.1 Aβ-DM  
 In this first example, we used DM to quantify the electrostatic environment in 
amyloid fibrils formed by a short segment of the β-amyloid peptide, KLVFFAE (i.e., 
Aβ16–22), which is related to Alzheimer’s disease. Although it is generally assumed that 
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the interior of amyloid has a low dielectric constant, to the best of our knowledge, no 
experiments have been attempted to directly measure the electrostatic properties of such 
β-sheet assemblies. In this study, we mutated the leucine residue at position 17 of Aβ16–22 
to DM (the resultant peptide is referred to as Aβ-DM), since the side chains are similar in 
size. Prior to full onset of peptide aggregation (as judged by the amide I band at 1625 
cm
−1
), the ester band had a peak at approximately 1725 cm
−1
 (Figure  7.1), thus indicating 
that the DM side chain was mostly hydrated and formed one H-bond with water, as 
expected. Upon further aggregation, the ester band became broader and was blueshifted, 
thus indicating that the population of the H-bonded ester carbonyl groups decreased. 
Further analysis indicated that this band can be decomposed into two Gaussian functions 
with center frequencies at 1727.2 and 1743.7 cm
−1
 (Figure 7.1b). This result is consistent 
with the formation of β-sheet fibrils, which, according to the Aβ16–22 fibrillar structures 
determined by Eisenberg and co-workers,
357
 would lead to the creation of two distinct 
environments for the DM side chain: one in which the side chain is sequestered in a 
dehydrated interface, and the other in which it is exposed to solvent (Figure 7.2).  
 This structural model, proposed based on the crystal structures of Aβ16-21 reported 
by Eisenberg and coworkers
357
 (PDB ID code 2Y2A), showed that the basic fibril unit 
consists of two β-strands that are packed together via hydrophobic interactions, thus 
forming a dry interface. Assuming that this basic unit further assembles to form 
protofibrils that have an interior that contains water, as discussed by Thirumalai, Straub 
and coworkers,
407-408
 we would expect the DM sidechains (or the native leucine 
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sidechains) in the fibrils to be distributed in three different environments, i.e., 50% in the 
dry interface, 25% exposed to bulk solvent, and 25% in the water-filled interior of the 
fibril. Upon removal of the bulk water, this model suggests that only approximately 25% 
of the DM sidechains can still experience interactions with water (i.e., those trapped in the 
interior of the fibril), as observed (Figure 7.1). However, as revealed by AFM 
measurements (Figure 7.3), the fibrils/aggregates thus formed are rather heterogeneous. 
This heterogeneity not only leads to a broad ester C═O stretching band, but also prevents 
a more quantitative assessment of the structural features of the fibrils on the basis of their 
IR signals. 
 To directly observe the buried ester sidechains within the fibril, it is necessary to 
remove the signal due to the hydrated surface-exposed ester sidechain which can be done 
by removing all the bulk water thus drying the sample. An aliquot of the abovementioned 
aggregated Aβ-DM sample was placed on the surface of a germanium crystal of an ATR 
unit and allowed it to dry under a gentle flow of N2 for 7 days. Ester C═O stretching 
vibrations were observed as three well-resolved peaks at 1722.3, 1736.0, and 1747.6 cm
−1
 
in the IR spectrum of the resulting film (Figure 7.1). The lowest-frequency peak (at 
1722.3 cm
−1
) coincides with that due to singly H-bonded ester carbonyl groups, thus 
indicating that water is indeed present in the amyloid fibrils. On the other hand, the peak 
at 1747.6 cm
−1
 must arise from non-H-bonded ester carbonyl groups, or those situated at 
the aforementioned dry interfaces (Figures 7.1 and 7.2), whereas the peak at 1736.0 cm
−1
 
most likely corresponds to outward-facing DM side chains that are H-bonded with water 
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prior to sample drying, and its frequency reflects the local electrostatic environment of 
the dry air/fibril interfaces. In support of these assignments, the relative percentages of 
these peaks, as determined from their integrated areas, are 28 (1722.3 cm
−1
), 31 (1736.0 
cm
−1
), and 41 % (1747.6 cm
−1
), which are similar to those (25, 25, and 50 %) calculated 
on the basis of the structural model of Eisenberg and co-workers.
357
 
 By using the frequency–field relationship of an ester model compound,
176
 the 
three peaks of the Aβ-DM (in order of increasing frequency) give rise to the following 
local electric fields: −26.3, −16.2, and −8.0 MV cm
−1
. More importantly, using the 
frequency–Onsager field relationship
176
 the dielectric constant is experimentally 
determined to be 5.6 for the dry interior of the well-packed fibrils.  
7.3.2 Aβ-DM-Cage 
 In this work, we used a double mutations of the Aβ16–22 motif, KDMVK
*
FAE 
(hereafter refer as Aβ-DM-Cage) to form fibrils. Incorporation of the cage (K
*
), a 
photolabile lysine analog, has been shown to promote nucleation through hydrophobic 
interactions and results in very long and uniform fibrils.
409-410
 This study aims to examine 
the side chain packing by characterizing the ester carbonyl stretch using both linear IR 
and 2D IR measurements. As shown in Figure 7.4, several features are observed in the 
solution and dry FTIR measurements of the Aβ-DM-Cage. The fibril was formed at acidic 
pD conditions, but the absorbance at ~1715 cm
-1
 indicates that most glutamic acid (E) 
side chains are deprotonated, which strongly suggest a presence of the salt bridge in the 
fibril.
411
 This means that the ester carbonyl stretch region is nearly free from the 
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contamination of the protonated side chain. To confirm the presence of long uniform 
fibrils, an AFM image, Figure 7.5, of the fibrils was obtained. This dry film shows very 
homogenous and uniform fibril morphology. The height of the fibrils range between 15 to 
20 nm (traces 1 and 2). There is also a periodic pitch that is observed along the fibril that 
has an average pitch distance of ~150 nm (traces 3 and 4). 
 The ester carbonyl stretch region of the fibril, Figure 7.4b, shows significant local 
environment changes in the fibril from solution to dry film. In solution, the ester carbonyl 
shows a single transition that is centered at 1723.8 cm
-1
, which indicates that most ester 
side chains are forming a single H-bond. This is in contrast to the dry film, where the 
ester carbonyl shows two transitions that are centered at 1725.5 cm
-1
 and 1739.4 cm
-1
. 
The time dependent FTIR of the Aβ-DM-Cage fibrils during the drying process is shown 
in Figure 7.6. The isosbestic point observed near 1734 cm
-1
 during the drying process of 
the fibril suggests that the singly H-bonded ester side chain, which is dominant in the 
solution state, slowly shifts to a non-H-bonded ester group. After the film is dry, there is 
a 1:1 ratio of populations of singly- and non-H-bonded ester. The correlation between the 
ester band lineshape and the drying process, which is associated with the water molecules 
being expelled from the fibril, strongly indicates that there is a structural change in side 
chain packing when the fibril is dried. The amount of water molecules in the dry film 
fibril is undetectable, given the absorbance of the OD stretching region, however, the 
ester group shows a distinct singly-H-bonded population. It is unlikely that the majority 
of the singly-H-bonded population originates from a H-bond between water and the ester 
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probe. Therefore, the ester is assumed to be H-bonding to a nearby side chain, most likely 
a group from the cage. Also, there is an observed blueshift of the ester in solution 
compared to the dry film, which suggests a weaker single H-bond. This could be 
interpreted as H-bonds of different origins meaning, while in solution the ester is 
primarily forming H-bonds with water while in the film the ester is forming weaker H-
bonds with the cage.  
7.3.3 TTR-110DM 
 The second amyloid system studied here is an 11-residue peptide corresponding 
to residues 105−115 of transthyretin.
412
 Dobson et al. has shown that this peptide, 
TTR105-115 (sequence: YTIAALLSPYS), can form fibrils with three possible polymorphs 
that all contain nanochannels of confined water.
407,413-415
 All the polymorphs consist of 
tightly packed cross-β spine interfaces that are devoid of water, and a small water channel 
exists between the slightly hydrophilic protofilament surfaces as shown in Figure 7.7.
412
 
This trapped water is predicted to exhibit dynamics that are different from bulk water.
416
 
To probe the H-bonding dynamics of the confined water inside fibrils, two ester mutants 
of the TTR105-115 were examined, TTR-110DM and TTR-111DM (Figure 7.7). To do this, 
the spectral diffusion dynamics were measured of the ester C=O vibration. Based on the 
fibril structures of TTR105-115,
412
 the TTR-110DM mutation will place the DM sidechain in 
both a dehydrated environment and at a position facing the exterior of the fibril. 
Meanwhile, the TTR-111DM also has an ester sidechain in the dehydrated environment 
but an ester sidechain is also facing the water channel (Figure 7.7). As shown in the AFM 
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image (Figure 7.8), this mutant forms fibrils that are similar to those formed by the wild-
type peptide and the ester C=O band clearly indicates, as expected, that the DM residue 
samples two distinct environments, one with the presence of water (1730 cm
-1
) and the 
other one without (1747 cm
-1
).  
 As shown in Figure 7.9, the early stage of aggregation of the TTR-110DM is 
mostly comprised of the monomer that is solvated by water, indicated by a broad ester 
band centered at 1706.7 cm
-1
, representing a doubly-H-bonded species. The changes in 
the 2D IR spectra of the doubly-H-bonded ester (1706.7 cm
-1
), obtained at different 
waiting times (T), indicates the fluctuations of the solvation shell around those ester 
sidechains. It is common to quantify the rate of spectral diffusion dynamics using the 
center line slope (CLS) as a function of T. The fast decay (red trace) shown in Figure 7.9 
shows evidence of bulk water near the ester probe. On the other hand, there is also a 
small population of ester side chains whose transition is centered at 1734.2 cm
-1
 which is 
assigned to non-H-bonded esters. The 2D IR spectra of the non-H-bonded ester group do 
not illustrate a decay (black trace, Figure 7.9) meaning there is no significant spectral 
diffusion. This is due to the notion that the ester is sequestered in the dry hydrophobic 
interface inside the fibril and is not exposed to solvent. This experiment demonstrates the 
strategy of using the ester probe to study the water environments, aggregation kinetics, 
and structural changes during fibril formation. 
 The mature TTR-110DM fibrils, in Figure 7.10, have two distinct ester transitions 
in solutions that are centered at 1727.9 and 1734.2 cm
-1
. These are assigned to singly-H-
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bonded and non-H-bonded ester species. The singly-H-bonded ester group shows a clear 
spectral diffusion with a time constant of 0.75 picoseconds but there is no significant 
spectral diffusion for the non-H-bonded species. This observation implies that the singly-
H-bonded ester group is solvated by water molecules, most likely in the bulk. Similarly, 
in the dry film, the ester transition is broad and is centered at 1730.2 cm
-1
, but a more 
careful analysis of the 2D IR lineshape and the CLS reveal two transitions centered at 
1729 and 1734 cm
-1
. The 1729 cm
-1
 transition shows a spectral diffusion with a time 
constant of 1.1 ps, while the 1734 cm
-1
 transition does not show any spectral diffusion. 
They are assigned to a singly-H-bonded and non-H-bonded species, respectively, similar 
to solution fibril case. This information gives us a window into understanding the 
structure of the interior of the fibrils because half of the esters are in the “dry zipper” 
interface and the other half is the interface between fibril outer surface and the bulk. In 
solution, the ester group at the dry interface is non-H-bonded and contributes to the high 
frequency band while the ester group at the outer interface, on the other hand, could be 
singly-H-bonded or doubly-H-bonded. The doubly-H-bonded ester group would show a 
broad featureless transition at even lower frequencies than the singly-H-bonded ester. 
Upon drying, the outer surface loses contact with water molecules; however, the ester 
group at the outer surface can still form H-bond with the nearby sidechains, specifically 
the serine residue at position 112. The small frequency shift and difference in spectral 
diffusion between the solution and dried sample of the singly-H-bonded ester can be 
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explained by H-bonding with different species, the water molecules or the serine 
sidechain OH group.  
 The preliminary IR and AFM measurements of the TTR-110DM mutant are 
promising but additional work, especially for the second mutant is necessary for a 
complete story. The second mutant, TTR-111DM has an ester sidechain sequestered in the 
water channel. We expect to have two distinct ester populations, one that is non-H-
bonded and inside the dry zipper and the second that is forming H-bonds with confined 
water molecules that are in the nanochannel. Because confined water is relatively well-
structured and has stronger H-bonds, the fluctuations are expected to be slower which 
could result in a slower rate of spectral diffusion. 
 
7.4 Conclusions 
 These three examples, Aβ-DM, Aβ-DM-Cage and TTR-DM showcase promising 
preliminary results of the ester probe reporting on amyloid structure and dynamics. In the 
first section describing Aβ-DM, the ester probe provided the electric fields at three 
different locations of the amyloid fibril. Additionally, the dielectric constant inside the 
fibril was quantitatively assessed, which can be a challenging task in proteins. The Aβ-
DM-Cage experiment provides structural information, specifically the side chain packing 
within the fibril. Also, the ester provides information about the number and strength of 
the H-bonds inside the fibrils. And finally, the TTR-Dm fibrils provided can distinguish 
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between different H-bonding environments within the fibril. The ester probe is ideally 
suited to probe the electric field and H-bonding environments in a wide variety of 
biological system besides amyloid fibrils, such as transmembrane ion channels and 
enzyme binding cavities.  
 
7.5 Original Publication 
 Part of this Chapter, the portion regarding the Aβ-DM peptide, has been adapted 
and reprinted from Angewandte Chemie International Edition, Ileana M. Pazos, Dr. 
Ayanjeet Ghosh, Dr. Matthew J. Tucker, and Dr. Feng Gai, (2014) 53, 24 6080–6084. 
DOI: 10.1002/anie.201402011, with permission from John Wiley and Sons. Other 
portions of this chapter, the Aβ-DM-Cage and TTR-DM, are currently unpublished and 
this work was done in collaboration with Dr. Jianqiang Ma. 
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Figure 7.1. Normalized stretching vibrational bands of the ester carbonyl group of Aβ-
DM, as observed immediately after the preparation of a 15 mM sample of Aβ-DM, after 
incubation of the sample for 7 days in D2O, and in a dry film of Aβ-DM (dried under a 
flow of nitrogen for 7 days), as indicated. The band observed for the dry film can be 
decomposed into three Gaussian functions (gray dashed lines; the center frequencies are 
given in the main text). It should be noted that in each case a baseline that contains 
contributions from the amide I′ band has been subtracted.  
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Figure 7.2 Cartoon representation of the possible local environments sampled by the DM 
sidechains (red) in the fibrils formed by the Aβ-DM peptide.   
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Figure 7.3 AFM image of Aβ-DM, showing the heterogeneous morphology of the fibrils. 
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Figure 7.4 FTIR spectra of Aβ-DM-Cage fibrils in solution and in dry film. (a) The 
spectra has markers 1-4 that are assigned to the following: 1 is the amide I’ main band of 
the anti-parallel β-sheet. 2 has two contributions, one is from the amide I’ main band of 
the anti-parallel β-sheet, the other is from the K* side chain carbonyl stretch reported by 
previous work.
409
 3 is the side chain ester carbonyl stretch from DM. 4 is another K* side 
chain mode, which is likely a ring mode or the N=O stretch motion. (b) Ester region of 
FTIR spectra of the ester band in the fibril (open circles) and fittings with Gaussian 
functions (solid line). 
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Figure 7.5 a) AFM images of Aβ-DM-Cage fibrils and b) height measurements of the 
fibril dry film. 
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Figure 7.6 Time dependent FTIR of the Aβ-DM-Cage fibril during drying process with 
N2.  
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Figure 7.7 Proposed structures of TTR105-115, with mutant locations are highlighted (TTR-
110DM and TTR-111DM), modified from Dobson et al.
417
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Figure 7.8 TTR-110DM mutant. a) AFM image of mature fibrils. b) FTIR of ester C=O 
stretch of the initial dissolved sample and after a 14 day aggregation period. c) FTIR of 
dried film of the matured fibril.  
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Figure 7.9 The amide I' and ester region 2D IR spectra of a partially aggregated TTR-
L110DM mutant in solution. 
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Figure 7.10 Mature TTR-110DM fibrils in solution and dry film. a) FTIR and b)2D IR 
photon echo measurements. 
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8 Summary and Perspective 
 A central dogma of biology concisely states that 'sequence determines structure 
determines function'. While this is generally considered an over-simplification, it does 
assert that it should be possible to deduce the function of a protein from its structure. 
However, in many cases merely knowing the structure of the biological molecules (e.g., 
proteins) in question is insufficient to reveal how its function is executed. This is because 
proteins are subject to various conformational motions and these protein dynamics are 
known to play an important and sometimes key role in protein functions. Furthermore, 
functional actions, such as binding or catalysis, always take place at a specific region or 
site of the proteins. Thus, in order to use spectroscopic techniques to monitor how 
proteins fluctuate in space, especially those in or near the sites where chemistry or 
function occurs, requires site-specific conformational probes. In addition, site-specific 
spectroscopic probes that are capable of 'recording' various physical properties of 
proteins, such as local electrostatic field and hydration, are needed to help determine 
factors that are key to function. Motivated by these demands, in this Thesis work we have 
expanded the utility of an existing spectroscopic probe, p-cyanophenylalanine (PheCN), 
and introduced a new non-natural amino acid-based IR probe. In addition, we have 
applied these probes to several outstanding biophysical questions, including protein 
protecting/denaturing mechanisms of several commonly used cosolvents and amyloid 
formations.  
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 Two chapters of this Thesis are dedicated to expanding the utility of PheCN as a 
fluorescent probe of protein conformation and conformational changes. Approximately 
ten years ago, the fluorescence quantum yield of PheCN was first established to be 
sensitive to solvent and could be exploited to study protein folding and binding 
interactions.
184
 While PheCN has indeed found broad applications in this regard, one of its 
potential utilities, namely using fluorescence quenching to reveal protein structural 
information, has not been explored. Therefore, as detailed in Chapter 2, we first 
examined the PheCN fluorescence quenching efficiencies of a series of anions. We found, 
among the anions studied, that iodide (I
-
) exhibits the largest Stern-Volmer quenching 
constant (58.6 M
-1
), suggesting that it is a suitable fluorescence quencher of PheCN in 
protein conformational studies. Indeed, using this fluorophore-quencher pair, we were 
able to show, consistent with a previous study,
128
 that the headpiece domain of chicken 
villin can sample at least two conformations in the native state potential well.
173
 Based on 
the fact that tryptophan has been widely used in protein structural studies via 
fluorescence-quenching measurements,
95-98
 we believe that the PheCN-iodide pair will 
find similar applications. As PheCN is a structure analog of phenylalanine and tyrosine, 
this pair would be ideally suited to provide structural information, such as solvent 
accessibility, of a phenylalanine or tyrosine residue in the protein system of interest.  
 A previous study indicated that the N-terminal amino group (‒NH2) could quench 
the fluorescence of a nearby PheCN.
187
 Motivated by this observation, in Chapter 3, we 
explored the possibility of a using PheCN fluorescence as a pH reporter. This is based on 
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the fact that the pKa of the N-terminal amino group depends on the identity of the first 
amino acid and,
218
 thus, it is possible to use a series of short peptides, for example, those 
with the following sequence NH2‒X‒PheCN‒Gly‒Ac (where the X represents a different 
amino acid in each case), to cover a broad pH range. To test this potential utility of 
PheCN, we carried out fluorescence pH titrations on nine of the aforementioned tri-
peptides. Our results showed that NH2‒Asn‒PheCN‒Gly‒Ac has the lowest N-terminal 
pKa value (6.7), whereas NH2‒Ser‒PheCN‒Gly‒Ac has the highest N-terminal pKa (8.6). 
Taken together, these results thus demonstrated that peptides or proteins with a PheCN 
placed at the second position can be used to report pH or pH change in a range 
determined by the first amino acid. In addition, perhaps more useful, this type of pH 
sensors could be used to monitor pH-dependent biological processes or events that are 
accompanied by a pH change. To test this idea, we then measured the rate of a cell-
penetrating peptide across model membranes and, as expected, the resultant fluorescence 
kinetics corroborates the proposed application. One immediate extension of this study 
would be to use this pH sensor to investigate the membrane penetration kinetics of pH 
(low) insertion peptide (pHLIP).
418
 Engelman and coworkers have shown that pHLIP is 
unstructured and water soluble at high pH (>7) but able to cross the lipid bilayers a low 
pH (<3). Therefore, by inserting a PheCN at the second position of the pHLIP sequence, 
one can monitor this kinetic event using a pH-drop stopped-flow fluorescence technique. 
Another potential application of this pH sensor is to use it to monitor the interaction of 
the N-terminal nitrogen atom with various metal ions.
419
 For example, it has been 
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suggested that Cu
+2
 can coordinate with the N-terminus of uncapped Aβ peptides and 
thus modulate its aggregation propensity.
420-421
 Since coordination with a metal ion is 
expected to change the ability of the N-terminal amino group to quench a PheCN 
fluorescence, we hypothesis that at a given pH, PheCN would also be used to monitor 
metal ion binding. 
 As described in Chapters 4 and 5, in a different but related project, we used the 
established IR utility of PheCN to study a longstanding unresolved problem, that is how 
commonly used biological cosolvents, such as TMAO, GdnHCl, and urea, act to deliver 
their respective protecting or denaturing effect on proteins. While many studies have 
been dedicated to this topic and offered many insights, a comprehensive understanding of 
the mechanism of action has not been achieved. To further our understanding of this 
problem, we devised both linear and non-linear IR experiments that would allow us to 
examine the actions of these cosolvents from a different perspective. In other words, 
using PheCN as a site-specific IR probe, we tried to determine how addition of a specific 
cosolvent affects the ability of water to form H-bonds with protein polar groups and to 
verify the proposed role of these cosolvents as nano-crowders. As detailed in Chapter 4, 
we showed, using linear IR measurements, that these cosolvents all act to decrease the 
strength of the H-bonds formed between water and the nitrile group of PheCN. This 
finding is surprising since TMAO, GdnHCl, and urea have different effects on protein 
stability. While the behavior of TMAO appears to be consistent with its protein-
protecting ability, those of urea and GdnHCl seem to contradict their role as protein 
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denaturants. This is because a reduced H-bonding ability of water would promote 
intramolecular H-bond formation, therefore stabilizing the folded state. Thus this result 
supports the so-called direct mechanism which suggests that urea and GdnHCl 
preferentially bind to the polypeptide backbone units, causing the unfolded state to be 
stabilized.
174
  
 To further verify the findings described in Chapter 4 and assess the effects of 
these cosolvents on the spontaneous conformational dynamics of proteins, we conducted 
two-dimensional IR measurements on the nitrile stretching vibrational of a PheCN residue 
in both a peptide and a protein.
175
 These experiments were designed based on the 
principle that the fluctuations dynamics of the electrostatic environment of the nitrile 
group of PheCN, including H-bonding dynamics arising from water and protein 
conformational dynamics, would be reflected in the vibrational spectral diffusion 
dynamics of the PheCN probe. As detailed in Chapter 5, the 2D-IR results not only 
confirmed the finding we obtained in Chapter 4, namely both TMAO and urea decrease 
the strength of H-bonds formed between water and the nitrile group, but also showed that 
TMAO can increase protein stability through the excluded volume effect. In other words, 
TMAO is depleted from the polypeptide backbone as indicated from many previous 
studies, which allows it to behave as a crowding agent. Taken together, these studies not 
only yielded new microscopic information regarding the mechanism of action of the 
aforementioned cosolvents, but also provided new examples that site-specific IR probes 
are useful or even necessary to elucidate certain details of the biophysical or biochemical 
160 
 
questions of interest. An immediate extension of this study would be to investigate 
whether other biological osmolytes, such as glycine betaine, trehalose, sucrose, proline, 
taurine, glycine, and sarcosine, share similar mechanisms. Another application of the 2D-
IR method utilized in this chapter would be to study the effect of macromolecular 
crowding or confinement on protein dynamics.
422-425
 
 Despite the extensive efforts dedicated in the past to develop and introduce non-
natural amino acid-based site-specific IR probes, there is still a great need in 
spectroscopic probes that can be used to quantitatively and conveniently assess protein 
electric fields in a site-specific manner. This is because electric fields play an important 
role in many biological processes such as protein-protein interactions, ligand binding and 
catalysis and currently there are only a couple of options in this regard. Thus in Chapter 
6, we devoted our focus to show that ester-derivatized non-natural amino acids are 
promising candidates to serve as a local electric field reporter of proteins as its carbonyl 
stretching frequency is sensitive to solvents.
176
 To reveal the dependence of this 
frequency on the electric field exerted by the solvent molecules on the carbonyl vibrator, 
we carried out molecular dynamics simulations on an ester model compound in various 
solvents, including both protic and aprotic solvents. Our results show that the ester 
carbonyl stretching frequency exhibit a simple linear dependence on the local electric 
field and, thus, can be used to quantify, in a site-specific manner, the local electric 
environment of proteins. This is also supported by a subsequent study using NMR 
spectroscopy.
426
 Since at neutral pH the ester carbonyl stretching vibrational transition is 
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located in the frequency range of 1700-1760 cm
-1
, where no other protein vibrational 
bands exist, this vibrational transition can be detected and interpreted relatively easily. In 
comparison with the existing protein electric field IR probes, the ester IR probe described 
in Chapter 6 thus offer advantages.  
 To demonstrate the applicability of these ester-based IR probes in biophysical 
studies, we used them to monitor the aggregation processes of two amyloid forming 
peptides as well as the local hydration status of the amyloid fibrils thus formed. As shown 
in Chapter 7, when a model peptide aggregated into fibrils, the vibrational band of the 
ester transformed from a broad hydrated peak shape into sharper well-resolved peaks at 
higher frequencies. These peaks were assigned to different regions of the fibril therefore 
providing structural information. To expand on this interesting and important problem, 
2D-IR spectra of this Alzheimer's peptide and another protein responsible for the 
neurodegenerative disease called transthyretin (TTR) amyloidosis were measured. 
Specifically, the TTR has a water channel inside the fibrils and an ester probe was 
sequestered inside the channel allowing for the direct measurement of the dynamics of 
trapped biological water.  
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